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Abstract
Low-lying reef islands are highly dynamic geomorphological landforms that respond to
changes in environmental boundary conditions through movements in shoreline position.
The question of whether shoreline displacements indicate eroding or accreting islands
and, consequently, island stability or vulnerability is a critical research challenge in
response to sea-level rise and other climate-change related issues in the twenty-first
century. Most studies of reef island change focus on atoll settings and adopt twodimensional change assessments that focus on quantifying spatial and temporal variation
in shoreline positions, without exploring or identifying environmental, physical or
biological drivers of these changes. This thesis demonstrates some different tools and
geospatial analyses to expand on existing assessments of shoreline change using a range
of mapping, monitoring and modelling techniques. These go beyond the quantification
of shoreline changes to explore underlying drivers of such changes on reef islands.
A review of pertinent classifications of reef islands is undertaken in Chapter One,
including the physical, environmental and biological factors that contribute to their
formation and stability. Understanding factors underpinning island stability is vital to
explain variation in shoreline movements and has been examined in this thesis with
respect to three vegetated reef islands on non-atoll platforms across different regional
settings as described in the subsequent chapters.
The analytical chapters of this thesis (Two to Six) demonstrate the different geospatial
analysis undertaken to characterise reef islands and assess shoreline changes through
increasingly complex tripartite analytical framework that includes mapping, monitoring
and modelling approaches.
Chapter Two illustrates the value of Google Earth and satellite images from ArcGIS
basemaps as mapping tools to identify and characterise reef islands within the maritime
boundary of Sabah, Malaysia in northern Borneo. Reef islands were distinguished from
other types of islands in this analysis through a series of criteria, allowing the first
regional map illustrating their distribution to be produced. Information consolidated from
satellite images revealed that Sabah’s reef islands varied in characteristics such as area,
shape, vegetation cover and degree of development structures, which provided a basis
to determine their longer term sustainability. This study produced the first regional
classification scheme and maps depicting locations and information on reef island
characteristics, which is particularly useful for local coastal planning.
Chapters three and four focus on monitoring shoreline changes using the Digital
Shoreline Analysis System across a range of vegetated reef islands in non-atoll settings
as case study sites. These include North Keeling Island of Cocos (Keeling) Islands
situated in the Indian Ocean and Sipadan together with Mabul Islands of Sabah,
Malaysia. The implications of adopting different shoreline proxies in change assessments
are demonstrated in Chapter Three, which reveals that the base of beach (BB) and edge
of vegetation line (EVL) showed different behaviours around the island periphery.
Similarly, Chapter Four revealed that selecting time periods over which to analyse change
(e.g. inter or intra-annual analysis periods covering different monsoons) and the general
character of the shorelines assessed (protected/exposed, undeveloped/developed)
greatly impacted the outcome of planimetric shoreline change assessments. These
criteria have largely been neglected in published reef island studies to date.
ii

Chapter Five introduces the application of spatial models to statistically link the rates of
shoreline change to underlying causal factors. Information on causal factors includes
environmental gradients around the islands and across the reef systems on which they
have accumulated, as well as variation in the density of building structures around
islands. Spatial models were able to explain 50% to 78% of the shoreline change
variation around the island periphery and demonstrated that shoreline behaviour is
dependent on the local environmental settings. Such fine scale empirical assessment of
shoreline changes with variation in environmental characteristics has rarely been done
for reef islands.
Chapter Six demonstrates the advantages of drone technology in producing more
detailed mapping including high resolution digital surface models (DSM) derived using
Structure-from-Motion photogrammetry techniques to create three-dimensional maps of
reef islands. These high resolution datasets were used to compare volumetric
assessments of shoreline change, using in situ profiles, with planimetric assessments
from DSAS. Comparisons revealed that planform shoreline retreat may not necessarily
indicate net volume loss of the shoreline. The methods of using drones to derive high
resolution DSMs outlined in this study provides the opportunity to conduct volumetric
assessment of change which is exceptionally rare for reef islands.
Chapter Seven concludes by summarising key outcomes from each of the analytical
chapters in this thesis in relation to the aforementioned tripartite geospatial analysis
framework of mapping, monitoring and modelling reef island dynamics.
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INTRODUCTION

Background
Reef islands are landforms composed of unconsolidated sediments predominantly of
carbonate sand and shingle that are entirely derived from the surrounding reefs on
the surface of atolls and other reef platforms (McLean & Stoddart 1978; Woodroffe
2000; Kench, Nichol & McLean 2005; Dawson & Smithers 2014). Although reef islands
are low-lying as they accumulate up to several metres above sea level, many are
inhabited especially for atoll nations in the Pacific and Indian Ocean (Yamano et al.
2007; Woodroffe 2008; Webb & Kench 2010; Perry et al. 2011; Biribo & Woodroffe
2013). Sandy beaches of reef islands are also important nesting grounds for turtles,
as in Raine Island on the Great Barrier Reef (Fuentes et al. 2010) and Turtle Island
Parks on the east coast of Sabah, Malaysia (Chan, Joseph & Liew 1999). In addition,
reef islands are economically valuable for many small island nations as they support
tourism and fisheries, especially when that is the only land they have (Nunn et al.
2015a).
Reef islands are perceived to be vulnerable to changing environmental conditions
particularly climate change and its associated impacts, due to their low-lying nature,
relatively small size and readily mobilised sediments (Yamano et al. 2007; Biribo &
Woodroffe 2013). Therefore, susceptibility of reef islands to changing environmental
conditions is of particular concern as this has the potential to affect the people, flora
and fauna, and economies that depend on reef islands. Many studies have reported
various geomorphological changes on reef islands attributed to sea-level rise (Ford &
Kench 2015; Albert et al. 2016; Nunn, Kohler & Kumar 2017), seasonal changes in
wind and wave patterns (Flood 1988; Kench & Brander 2006a; Kench, Parnell &
Brander 2009; Beetham & Kench 2014), high energy events such as storms and
hurricanes (Stoddart 1963; Maragos, Baines & Beveridge 1973; Bayliss-Smith 1988;
Hoeke et al. 2013; Yates et al. 2013) and anthropogenic impacts (Collen, Garton &
Gardner 2009; Biribo & Woodroffe 2013). The dynamic response of reef islands to
changing environmental conditions highlights the need to investigate the factors
underpinning the variability in island susceptibility across a range of temporal and
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spatial scales to avoid overly simplistic generalizations about reef island susceptibility
and vulnerability.
To date, the assessment of reef island changes, has focussed largely on the
comparison of shoreline positions and geomorphic features over time, and found that
reef islands are highly dynamic. This thesis addresses several issues and limitations
that arise from the common planimetric (two-dimensional) approaches to the
assessment of reef island changes which represent the primary methodological
approach used in studies to date. The present study is intended to improve
methodological frameworks by capturing reef island dynamics in a more holistic
manner, thereby informing sound management and further contributing to effective
adaptation measures to climate change risks on low lying islands, such as inundation
and erosion.

Island types
The United Nations Convention on the Law of the Sea (UNCLOS) defines an island as
“a naturally formed area of land, surrounded by water, which is above water at high
tide” (United Nation General Assembly 1982). Variation of islands exist throughout
the ocean; some are oceanic, lying far from continental shelves, while others are part
of the near continent. Islands can have different lithologies, elevations, shapes and
sizes (Forbes et al. 2013; Nunn et al. 2015b; Nunn et al. 2016). Islands within the
same geographical location, and even different sections of coastline around the same
island, can have distinct geomorphic characteristics and have different responses in
morphological behaviours to changing environmental conditions. Considerations of
island vulnerability and effective adaptation strategies should therefore take into
account different island typologies instead of treating them as homogenous
landforms.
Islands that are considered less vulnerable are the ones that have high resilience or
able to resist change (Nunn et al. 2015b). Studies on island susceptibility and physical
vulnerability to changing environmental conditions have driven several attempts at
classifying islands according to their geomorphic features. Forbes et al. (2013)
highlighted the various physical vulnerabilities associated with different tropical and
sub-tropical islands and proposed four main classifications of islands comprising
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continental fragments, volcanic islands, near-atolls and atolls, and high carbonate
islands including raised atolls. A more recent classification of islands was made for
1532 small islands comprising 15 nations as a part of a project to assess the
susceptibility of islands in the Pacific Ocean (Nunn et al., 2015b). Nunn et al. (2015a)
classified these islands based on lithology and elevation and further included the size
and shape as criteria in defining island typology. High islands, those with elevation
more than 30 m are considered less vulnerable than the low islands (elevation <30
m). While the island classifications by Forbes et al. (2013) and Nunn et al. (2015a)
acknowledged reef islands, they also encompassed a range of fundamentally different
island types such as the high volcanic, reef and continental islands. However, both
classifications recognize that the low-lying reef islands are the most physically
vulnerable to changing environmental conditions, particularly sea-level rise.

Reef Island Classification
Reef islands exhibit great variation in terms of characteristics such as sediment type,
vegetation cover, size and shape of landform, location on reef platform as well as its
origin and development. Earlier attempts to classify reef islands, also known as cays,
were made for the Great Barrier Reef where Steers (1929) suggested three types of
reef islands as sand cays, shingle cays and low wooded islands. Spender (1930)
further proposed five classes of reefs based on the nature of sediment accumulation
on them in which four of the classes refer to reef islands. These classes are a) sand
cay without rampart, b) sand cay with unvegetated rampart, c) sand cay with
vegetated rampart without extensive mangroves across the reef flat and d) sand cay
with vegetated rampart and mangrove forest on the reef flat. Fairbridge (1950)
developed a more extensive classification of reef islands which incorporated
characteristics of sediment type, vegetation cover and occurrence of emerged reef
platform. Fairbridge (1950) classified the cays into a) unvegetated sand cay, b)
vegetated sand cay, c) shingle cay, with or without vegetation d) sand cay with
shingle ramparts, with or without vegetation including mangrove swamp and e) island
with an exposed reef platform of older, emerged reef materials, sometimes fringed
by more recent sediment deposits.
Stoddart & Steers (1977) recognised that Fairbridge’s classification could not
accommodate a wider range of reef island types found in other regions such as the
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atoll islands of Indo-Pacific. Hence, they developed a classification based on
morphology and sediment characteristics as the primary criteria, and secondarily on
vegetation. Their seven cay classes were a) sand cay, unvegetated or vegetated b)
sand cay with shingle ridges (motu), c) shingle cay, unvegetated or vegetated d)
mangrove cay, with or without low dry-land areas e) mangrove cay with windward
sand ridge f) low wooded island and g) emerged reef-limestone island.
Maxwell (1968) used a different approach in classifying the reef islands of the Great
Barrier Reef in comparison to the above mentioned classifications. In addition to the
common criteria which are sediment type and presence of vegetation, Maxwell’s
classification incorporated reef types and locations to distinguish reef islands. These
information were derived from visual observations on aerial photos and hydrographic
charts. The different reef types based on this classification are i) platform reef, ii)
lagoonal platform reef, iii) open ring and composite apron reef, iv) closed ring reef
and v) high reefs of the inner shelf. Maxwell’s classification elucidates the importance
of aerial photos in providing reliable information on reef islands.
Hopley (1982) identified several main criteria to classify the reef islands of Great
Barrier Reef which are applicable to other regions which are sediment type, island
location on the reef platform, shape of island and vegetation cover. The classification
consists of four main reef island types namely a) unvegetated solitary islands b)
vegetated solitary islands c) multiple islands and d) complex low wooded islands.
Hopley’s classification has also been applied to the reef islands covering the
Indonesian Sea (Tomascik 1997). The four main criteria suggested by Hopley (1982)
to classify reef islands were further adopted by Smithers & Hopley (2011) to describe
and classify the evolution of reef islands where they begin as accumulation of sand
or shingle and further develop into a more stable landform with the growth of
vegetation. Smithers & Hopley (2011) concluded that the main classes of reef islands,
which could encompass a wider range of reef islands, not only for the Great Barrier
Reef but elsewhere are; a) unvegetated cays b) vegetated cays c) mangrove islands
d) multiple islands and e) low wooded islands. This refined classification scheme
further distinguished unvegetated and vegetated cays based on sediment type into i)
unvegetated sand cays ii) unvegetated shingle cays iii) vegetated sand cays iv)
vegetated mixed sand and shingle cays and v) vegetated shingle cays.
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Figure 1.1: Different types of reef islands based on classification of Smithers and Hopley
(2011). A) Upolu Cay, Great Barrier Reef; unvegetated sand cay (Source: Cairns Holiday
Specialists 2019); B) Lady Elliot Island, GBR; vegetated shingle cay (Source: Lady Elliot Island
Eco Resort 2014); C) Hoskyn Islands, GBR; leeward vegetated sand cay and windward
vegetated shingle island (Source: Hoskyn Island Barrier Reef 2015) D) Manatee Cay, Belize;
mangrove island (Source: Private Islands Inc. 2015); E) Low Isles, GBR; low wooded island
(Source: Hamylton 2017).

Geographic Distribution of Reef Islands
Only through the existence of coral reefs, can reef islands form. Coral reefs provide
shallow horizontal platform, thereby creating an area for sediment accumulation, and
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supply the carbonate sediment to form the island (Kench & Mann 2017). As a result,
reef islands are typically found within tropical and subtropical areas near to the
equator where water conditions permit the growth of corals (Woodroffe & Webster
2014) and other calcified biota that are responsible for the supply of calcareous
sediments to form landforms on reef platforms. Distributions of reef islands vary
across the Pacific, Indian and Atlantic Oceans where coral reefs are present. Figure
1.2 illustrates the global distribution of coral reefs in tropical and subtropical regions,
further signifying locations where reef islands can be found or potentially form in the
future. The Pacific Ocean for example holds more than 10,000 islands (Maragos &
Williams 2011), in which, most of the reef islands are concentrated within the central
part of the ocean (Stoddart 1992). More than 10,000 reef islands can be found within
the vast Indonesian Sea (Tomascik 1997) and more than 300 reef islands are present
on the Great Barrier Reef (Gourlay 1988), the largest coral reef system in the world
(Davies 2011). The Maldives in the Indian Ocean harbours about 1,500 reef islands
in which many are found on the major atolls (Gischler 2011). Numerous islands can
be found in the Belize barrier reef which is the largest reef system in Atlantic (Gischler
& Hudson 2004).

Figure 1.2: Global distribution of coral reefs in tropical and subtropical regions. Data source:
UNEP-WCMC, WorldFish Centre, WRI, TNC (2010).

Despite the extensive literature reporting on reef islands, it is almost impossible to
determine the exact numbers of reef islands globally due to the lack of available data,
especially for locations that are too remote to access. In addition, the disappearance
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of islands and appearance of new ones also occurs as they are sensitive to changing
boundary conditions. Examples include the disappearances of; an island on the
Nadikdik Atoll, Marshall Islands as indicated by Ford & Kench (2014), several reef
islands that were observed in the Belize Barrier Reef after the hurricane Hattie in 1961
(Stoddart 1963) and five vegetated reef islands of Solomon Islands (Albert et al.
2016). Similarly, loss and emergence of reef islands between different time periods
were also recorded for the Ontong Java atoll (Bayliss-Smith 1988).

Reef Island Formation
The formation and development of reef islands are governed by an interplay of a
critical boundary conditions involving various geological, biological and physical
processes that operate across a range of spatial and temporal scales. First, the sea
level fluctuations as long term control on reef growth and platform development
(Kench & Mann 2017). Second, the production and supply of carbonate sediment
which are critical for island formation, development and maintenance (Perry et al.
2013; Hamylton et al. 2016). Third, the physical controls defined by the hydrodynamic
regime that governs sediment transportation and deposition on reef surfaces (Flood
1986; Gourlay 1988). These factors are described in the following sections.

Long term controls (sea level)
Sea level is a critical factor that controls reef island formation in terms of reef platform
development and sediment accumulation (Yamano et al. 2014; Kench & Mann 2017).
A near horizontal reef platform surface needs to develop close to sea level before a
reef island can form on it (Smithers & Hopley 2011). Platforms provide
accommodation space to allow sediments to be deposited for island formation (Barry,
Cowell & Woodroffe 2007; Hamylton 2014) which is dependent on the vertical reef
development at sea level (Woodroffe et al. 1999). Past records of sediment cores of
fossil corals have indicated that sea levels have fluctuated throughout the course of
earth’s history (Blanchon & Shaw 1995; Woodroffe 2000; Kench, Owen & Ford 2014;
Woodroffe & Webster 2014). Evidence further suggests that growth and development
of coral reefs were influenced by the fall and rise of sea levels in the past. As a
response to the increasing sea level, reefs would either ‘keep up’, ‘catch up’ or
eventually ‘give up’ in terms of growth and development (Neumann & Macintyre 1985;
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Woodroffe 2003). Reefs dominated by fast growing branching corals may be able to
‘keep up’ with increasing sea level as demonstrated by the Caribbean reefs (Neumann
& Macintyre 1985). Slow growing reefs may either ‘Catch up’ with sea level as
exhibited by shallow reefs within the Indo-pacific region after 6000 yrBP, or ‘give up’,
for example when deeper reefs drown because they are unable to attain within the
euphotic zone as sea level increased (Davies & Montaggioni 1985). In addition, sea
level varied geographically due to global isostatic adjustment and can be influenced
by other processes such as tectonism, volcanism and tidal fluctuations (Stoddart
1990; Camoin et al. 1997; Murray-Wallace & Woodroffe 2014). As a result of the
different patterns in reef growth and sea level dynamics, elevations of reef platforms
and initiation of reef island formation varies between reef regions.
Previous studies have indicated that initiation of island formation can occur at varying
sea level for example at; current sea level (e.g. Tepuka Island, Tuvalu, Pacific Ocean
(Kench et al. 2014)), falling sea level (e.g. Warraber Island, torres Strait (Woodroffe
et al. 2007) and Laura Island, Majuro Atoll (Yasukochi et al. 2014)), rising sea level
(e.g. Maldives, Indian Ocean (Kench, McLean & Nichol 2005)) and higher sea level
(e.g. West Island, Cocos Keeling Island (Woodroffe et al. 1999) and Mba Island, New
Caledonia (Yamano et al. 2014)). Sediments are able to accumulate on the platforms
depending on the supply from surrounding reefs and the hydrodynamic processes
that act upon them (Perry et al. 2011; Dawson, Smithers & Hua 2014). Timing of reef
island formation is also influenced by the platform geomorphology, for example, more
time is needed for island formation when sediment accumulation on reef platforms
needs to infill lagoonal areas prior to island development (Kench & Mann 2017).
Islands around the North Atlantic and southwest Pacific showed that the rate at which
carbonate sediment accumulated in the past differs between platform types (McNeill
2005). The prograded and periplatform systems exhibited the most accumulation
while the slow-aggraded and partially drowned platforms accumulated the least. The
variation occurred due to differences in water depth which determines space for
carbonate production and deposition. Information on past sea level and reef growth
patterns, which in turn governs platform development and further influences the
beginning of island accumulation, can provide a better understanding on reef island
formation dynamics.
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Hubbard, Miller & Scaturo (1990) stated that island accretion is not a continuous
process because there is evidence that coral growth can be sporadic, and interrupted
with episodes of coral breakdown and sediment production due to high energy events
such as cyclones. Sediment accumulation will bury corals and hence causes coral
growth to temporarily shift to other sites of the reef surface where sediment
production is low which was indicated by historical sediment cores obtained from the
shelf break of St. Croix, U.S. Virgin Islands reef systems. Similarly, Yasukochi et al.
(2014) indicated that the sediment deposition that formed Laura Island, Majuro Atoll
was attributed to the relative sea-level fall during the late-Holocene, a period where
coral growth was halted, which had allowed increased in sediment production by
foraminifera. During this event, as water depth decreased, wave energy was lowered
across the reef flat allowing gravel to stay on the reef and further infilled with
foraminiferal sand. Conversely, a study conducted for the Makin Island, Kiribati
indicated that accretion of sediment in the centre of the reef platform occurred when
sea level was higher than present about 2500 years ago (Woodroffe & Morrison 2001).
This further allowed reef-flats to be colonised by foraminifera which became the main
contributor of sand to the island. Findings of this study infer that this island will
continue to accrete despite changes in sea level as long as the reef flat remains
suitable for growth of carbonate producers. Therefore, types of reef morphology
formed in the past have influenced island development in terms how sediment will
accumulate and accrete on the reef platform (Woodroffe et al. 1999). Better
understanding of the relationship between sea level, reef growth and island formation
is important to predict future changes of reef islands (Woodroffe 2005; Hamylton et
al. 2014).

Contemporary biological controls
Reef islands are composed mainly of the skeletal remains of the reef biota (Dawson,
Smithers & Hua 2014) primarily derived from the surrounding reef area (Yamano,
Miyajima & Koike 2000; Perry et al. 2011). Sediment supply for reef islands is derived
from benthic calcium carbonate producers such as scleractinian corals, coralline algae,
green calcified algae, molluscs, echinoderms and foraminifera (McLean & Stoddart
1978; Hubbard, Miller & Scaturo 1990; Montaggioni 2005; Fujita et al. 2009; Hamylton
2014). These communities which live on the reef platform are broken down
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mechanically by wave processes (O'Leary et al. 2009) and biologically through
bioeroders (Kiene & Hutchings 1994) into sediments of varying size to be deposited
over time to form islands. These unconsolidated sediments can vary in size, typically
ranging from fine to coarse sand for sandy reef islands and coarser sediments on
shingle or mixed sand-shingle reef islands (McLean & Stoddart 1978). However, mud
particles can also be found at areas of low energy within the protected areas of reef
systems (Tsuji 1993), especially where vegetation such as mangroves are present
(Fairbridge & Teichert 1948; McLean & Stoddart 1978).
Continuous sediment supply is critical for island formation and stability. However,
coral reefs and the calcifying benthic communities are highly sensitive to changing
environmental conditions which in turn can result in modification in reef community
composition and productivity and thus affecting the carbonate budget for sediment
supply (Yamano 2000; Lough 2011; Hamylton et al. 2014). Boundary conditions
affecting reef carbonate budget include sea surface temperature (Hughes et al. 2003;
Hoegh-Guldberg 2011; Wong et al. 2014), seawater chemistry which is important for
calcification (Nurse et al. 2001; Langdon 2005; Hoegh-Guldberg et al. 2007), salinity
particularly affecting corals which are stenohaline organisms (Munday et al. 2009),
ample light supply especially for photosynthesis by zooxanthellae that is critical to
support growth of hermatypic corals (Langdon 2005), sea level (Davies & Montaggioni
1985; Neumann & Macintyre 1985) and anthropogenic impacts such as decreases in
water quality (Hoegh-Guldberg 2011). Rates of carbonate productions can also vary
both within and between different coral reef settings as a result of the varying
abundance and composition of carbonate producers (Hamylton 2014). Declines in the
health and abundance of corals and associated reef communities will reduce
carbonate production and consequently affect sediment supply which is critical for
reef island development.

Contemporary physical controls
Hydrodynamic regimes driven by wind, wave and current processes play a critical role
in reef island formation (Flood 1986; Mandlier & Kench 2012). Wave activity assists
in sediment production by eroding dead corals and skeletal remains of reef biota
which reduces them to smaller particle sizes, making them easier to be transported
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across reef platform (Hubbard, Miller & Scaturo 1990; O'Leary et al. 2009). As the
open ocean waves reaches the reef crest, the waves entrain and transport carbonate
sediment across the reef flat until it reaches areas of low wave energy (Beetham &
Kench 2014). These areas of low energy are known as the nodal points, where
sediment accumulation occurs as a result of wave refraction and diffraction on the
reef platform (Flood 1986; Gourlay 1988; Kench & Brander 2006b). Tidal fluctuations
can influence the amount of wave energy that propagates and further refracts on reef
flats (Lugo-Fernandez et al., 1994). Over time, where sediment accumulation persists,
landforms will form above sea level and continue to increase in size and elevation,
consequently providing suitable areas for vegetation to establish (Flood 2011). Reef
island formation through refraction and diffraction of waves on a typical reef top is
illustrated in Figure 1.3.A. Flood (1986) further highlights that the nodal point can
vary considerably in response to changes in the direction of oceanic waves as
illustrated in Figure 1.3.B and C. Substantial morphological shoreline changes through
the reversal sediment flux have been observed for reef islands during seasonal
changes (Flood 1974; Flood & Heatwole 1986; Kench & Brander 2006a; Kench, Parnell
& Brander 2009).

Figure 1.3: Reef island formation process influenced by wave direction. Outline of reef top
shown in heavy line; island shown in yellow colour with stable vegetated portion in green
colour. A) Waves are refracted as it reaches the reef edge/crest moving further carrying
carbonate sand and deposits it on the nodal point on the reef platform. B and C) Nodal point
for sand accretion is influenced by the direction of south-southeast (SSE) and east-southeast
(ESE) waves. Arrows indicate the direction of longshore sand movement. (Source: modified
from Flood, 1986).
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Although reef islands are highly sensitive to fluctuations in wave intensity and
directions (Kench, Parnell & Brander 2009; Dawson & Smithers 2010), these changes
may not necessarily result in island area loss, rather, they may indicate an island
equilibrium in which shorelines are adjusted to balance of sediment deposition and
removal (Kench & Brander 2006a). The unconsolidated sediments of reef islands are
easily reworked by wave and currents (Hubbard, Miller & Scaturo 1990; Dawson,
Smithers & Hua 2014) even at low energy (Vila-Concejo et al. 2014) and even more
during extreme events such as storms which the higher energy waves can transport
sediment of larger size (Bayliss-Smith 1988; Yasukochi et al. 2014). More energy is
needed to transport coarser sediments and as a result, motu islands are usually
developed on the windward reef platform areas where energy is higher, which are
composed of sand and shingle ridges (Stoddart and Steers, 1977). Cays are reef
islands entirely composed of sand that usually develop on the leeward side of the reef
platform (Smithers and Hopley, 2011). Extreme events such as tsunami and
hurricanes may destroy reef islands by removing large amount of sand, but can
transport larger sediments such as rubbles on the reef platform, and consequently
initiate further sediment accumulation by attenuating waves and currents stabilised
at the windward margin to protect the unconsolidated sand on the reef (Maragos,
Baines & Beveridge 1973; Bayliss-Smith 1988; Kench et al. 2006b).

Reef Island stability
The Intergovernmental Panel on Climate Change (IPCC) identifies small islands as
very vulnerable to climate change (IPCC 2014a). Reef islands, which commonly do
not exceed several hectare in size, are vulnerable to changing environmental
conditions because their elevations are only several metres above sea level and their
sediments are readily mobilised by waves and currents. The existence and destruction
of reef islands will very much depend on its vulnerability, which will depend on their
exposure and how they respond to the various environmental factors. Vulnerable reef
islands, those that are not able to resist change, which are commonly reflected as
having reduction in areal size, shoreline erosion, loss of vegetation, change in shape
and location on the reef platform, are referred as having low stability or high
sensitivity. Forbes et al. (2013); Nunn et al. (2015b) and Nunn et al. (2016) emphasize
that the behaviour of islands should not be generalized because they have different
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characteristics such as lithology and elevation, and as a result, have different
vulnerabilities.
The dynamic nature of reef island shorelines as a response to changing boundary
conditions highlights the importance to understand the factors that underpin island
stability. The factors influencing island stability have been discussed in various
literature such as Yamano, Kayanne & Chikamori (2005), Perry et al. (2011), Smithers
& Hopley (2011), Hamylton & Puotinen (2015), Kench & Mann (2017) and for various
island typology in the Great Barrier Reef by Aston (1995). Collectively, these studies
demonstrate that reef islands are amongst the most changeable landforms, and that
their response to changing environmental conditions is highly variable. Similarly, reef
islands that are in different geological settings, have different characteristics and are
exposed to different boundary conditions may display different shoreline behaviour to
changing environment influences (Shimazaki et al. 2006). Several factors influencing
island stability but not limited to are described as below:

Location on reef flat/platform and size of reef
Wave energy and refraction patterns will determine the cay position on the reef flat
(Mandlier & Kench 2012) and changes in wave refraction patterns, for example during
change of seasonal weather can impact the highly mobile sandy reef island (Gourlay
1988; Kench, Parnell & Brander 2009). Sandy reef islands are usually formed at the
leeward side of the reef platform where waves and currents converge and deposit
sediments at a nodal point (Samosorn & Woodroffe 2008). Conversely, shingle islands
often form on the windward side of a reef platform, where energy is usually higher
allowing deposition of larger sediment particles (Bayliss-Smith 1988). Figure 1.4 show
some examples of reef islands on the Great Barrier Reef and their positions on the
reef platform.
The existence of ramparts on the windward side can also protect the inner cay from
high wave energy and erosion (Williams, Bartels & Bunkley-Williams 1999). This is
observed for most reef island developed on small to moderate size reefs. For reef
islands that are developed on large or irregular shaped reefs, sand is initially deposited
on the central reef flat and direction of further accretion can be influenced by wave
energy in reworking and transporting the sediments (Woodroffe et al. 1999; Smithers
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& Hopley 2011). The size of reef flats can vary and Stoddart & Steers (1977)
recognised that the size of the reef does not necessary indicate the size of cay
developed on top of it. However, a larger reef platform can potentially provide more
accommodation space for sediment to be sequestered on and thus allowing further
island development, which is reflected in increase in area size and volume, from
continuous supply of sediment (Barry, Cowell & Woodroffe 2007). Gourlay (1988)
suggested that the size, shape and orientation of the reef platform will determine
island stability.

Figure 1.4: Reef islands of Great Barrier Reef developed on different locations on the reef
platform. A. Lady Musgrave Island; the only shingle cay formed on the leeward reef flat. B.
One Tree Island; a shingle cay developed on the windward margin. C. Sudbury Cay;
unvegetated sandy reef island on leeward reef flat. D. Masthead Island; vegetated sandy ref
island on leeward, far west of the reef flat. E. Fairfax Islands; pair of vegetated reef islands,
eastern island is composed of shingle and western island is a mixture of sand and shingle. F.
Coquet Island; vegetated sandy reef island that is developed on the central reef flat. Image
source: ESRI Basemap.
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Island shape
Reef islands vary in sizes from patches that extend across several metres, to several
kilometres in diameter. Following sediment deposition on a nodal point on the reef
platform, reef islands may further increase in size until an equilibrium is reached
where deposition and removal of sediment are equal (Stoddart & Steers 1977). Reef
islands have various commonly arising shapes, including oval to almost circular,
elongate to linear shapes and sand spits, which are commonly influenced by reversal
seasonal patterns (Flood 1986; Kench et al. 2009). The shape of a reef island is a
result of waves pattern refracting around the reef platform and sediment deposition
(Gourlay 1988). Changes in wind climate can have significant impact on island shape
as the nodal point where sediment is deposited will shift position accordingly (Flood
1974; Kench & Brander 2006a; Kench, Parnell & Brander 2009). Smithers & Hopley
(2011) revealed that oval shaped reef islands are more stable than the linear islands
as the spits are highly mobile especially during changing seasons. Kench, Parnell &
Brander (2009) indicated that the islands in the Maldives that were circular in shape
exhibited the greatest shoreline change compared to the elongate and triangular
shaped islands on similar shaped reef platforms. Sandy reef islands formed on circular
shaped reefs are typically unstable because the nodal point is easily displaced as a
result of change in wind and waves direction, particularly during seasonal shifts
(Gourlay 1988).

Vegetation
Vegetation successions on cays are initiated through seeds brought by the sea, wind,
birds (Stoddart & Steers 1977) and humans (Smithers & Hopley 2011). Birds and
human faeces further provide nutrients beneficial for vegetation growth on reef
islands (Smith & Johnson 1995). It is also critical that reef islands contain freshwater
to support vegetation growth (Heatwole 2011). Through time, vegetation will further
stabilise islands as shrub vegetation is replaced by woodland or forest as a part of
reef island evolution, as the roots bind the loose sediments and humus is introduce
in the soil, adding to the stabilisation of the root systems (Heatwole 2011). In
addition, the presence of vegetation provides protection to island sediments by
reducing the wind effect on the surface sediment and entrapping sediments carried
by wind, tide or overtopping waves (Stoddart & Steers 1977; Ghazanfar, Keppel &
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Khan 2001). Due to these reasons, vegetated islands are known to be more resilient
to changes caused by erosion than non-vegetated islands (Stoddart & Steers 1977;
Smithers & Hopley 2011).
The stabilising effect of vegetation may differ according to the size and type of
vegetation, and denseness of the plant colony. The vegetation type on reef islands
depends on the environmental characteristics that permit their growth (Flood &
Heatwole 1986; Heatwole 2011). Their species assemblages are commonly similar to
the plant species growing on the closest mainland and neighbouring islands (Buckley
1983; Morrison 1997; Mueller-Dombois & Fosberg 1998; Batianoff 1999; Hamylton
2018). Morrison (1997) found that the vegetated reef islands in the Bahamas are
located closer to the mainland, have higher elevation and larger in area size in
comparison to the unvegetated reef islands. This implies that the distance where the
seeds need to travel from the source to reach and further establish on a landform,
and the availability of suitable habitat is an important factor for vegetation succession
on reef islands.
Based on the observations at the Great Barrier Reef, Heatwole (1976) classified
vegetation on reef islands into strand vegetation, herb flat, shrubs and shrub rings,
forest, mangroves and succulent mat. The typical vegetation of reef islands include
the littoral plants which are often dominated by mixture of grasses, creepers (e.g.

Ipomoea sp.), succulents (e.g. Sesuvium portulacastrum), shrubs (e.g. Scaevola
taccada, Pemphis acidula), mangroves (e.g. Avicennia sp., Rhizophora sp.), and the
heavily vegetated islands are dominated by forest type trees (e.g. Pisonia grandis,

Pandanus sp.) (Stoddart & Fosberg 1991). Examples of vegetation typically found on
reef islands are shown in Figure 1.5 below. Many islands have a mixture of these
vegetation types, and display a distinct vegetation transition from seashore to inland
from simple structure to complex type whilst on others, an unclear pattern of
vegetation may occur (Stoddart & Fosberg 1991; Ghazanfar, Keppel & Khan 2001).
In addition, vegetation type varies regionally, but throughout the tropics, strand
vegetation is often similar in appearance and species composition whereas forest
vegetation varies greatly (Heatwole 1976). Native vegetation on inhabited reef islands
are commonly replaced by the cultivation of coconut trees (Ghazanfar, Keppel & Khan
2001; Hamylton & East 2012).
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Figure 1.5: Typical vegetation on reef islands. A. vegetation found on Heron Island: Octopus
bush (Argusia argentea) foreground right, Pandanus (Pandanus tectorius) foreground left, and
Pisonia (Pisonia grandis) in the background (Source: Maughan 2017). B. Common creepers on
the beach, Ipomoea sp. C. Succulent, Sesuvium portulacastrum. D. Shrubs, Scaevola sp. E.
Mangroves, Bruguiera cylindrical. F. Common cultivated plant on reef islands, Cocos nucifera.
(B-F source: National Parks Board Singapore 2013).
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Reef islands can be devoid of vegetation because the island size is too small for seeds
or propagules to establish on or the distance from other vegetated landforms is too
great for viable transportation of the seeds (Morrison 1997). Smaller islands may only
be colonised by low shrubs, grasses and herbs whilst larger islands can support taller
and broader type of vegetation that serves as a protection to extreme events such as
storms (Stoddart & Steers 1977). Hence, the removal of vegetation caused by high
energy events or accelerated erosion, can lead to reduction or disappearance of these
low-lying reef islands (Bayliss-Smith 1988; Yamano, Kayanne & Chikamori 2005).

Cemented features
Lithified or cemented features such as beachrock and cay sandstone can provide
protection to shoreline of reef islands by forming resistant to erosion (Woodroffe
2008; McLean 2011). In addition, lithified sands with phosphate cement from bird’s
guano can create a hardened interior for some islands (Woodroffe 2005). Sandy reef
islands generally do not have contemporary beachrock as sediment is too mobile to
allow cementation, however the presence of relict beachrock may indicate former
existence of larger island which are usually found on barrier reefs and lagoon patch
reefs (Stoddart & Steers 1977). Presence of beachrock is also an indication of former
shorelines (Flood & Heatwole 1986; Woodroffe & Murray-Wallace 2012). The present
of hard rock outcrops as a result of cementation can protect reef islands from erosion
and hence plays a role in island protection and stabilisation (Maxwell 1968). Examples
of cemented sediment on reef islands forming beachrock are shown in Figure 1.6.
However, even with the presence of massive beachrock, there is evidence that reef
islands can still be destabilised (Smithers et al. 2007a), which suggests that the
unconsolidated sands remain dynamic and there are underlying processes that can
supersede the temporary protection provided by the hardened shoreline. The former
can be indicated by displacements of contemporary shorelines away from beachrock
or beaches covering previously-exposed beachrock (Bayliss-Smith 1988; Houser et al.
2014; Kench et al. 2014). Whereas, high energy events such as tsunamis and
hurricanes that have modified and also relocated lithified shorelines, causing
extensive modification of reef islands supports the latter (Bayliss-Smith 1988; Kench
et al. 2008; Houser et al. 2014). Nevertheless, reef islands that are partially lithified
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are typically considered more stable than those without any presence of lithified
feature.

Figure 1.6: Examples of cemented features of reef islands. A) Cemented rock on the shoreline
of North Keeling Island (Source: Woodroffe). B) Beachrock outcrop on the southern beach of
Low Isles, Great Barrier Reef. C) Consolidated sediments on the lagoonward beach of
Cemitério Island (Costa, Macedo & Siegle 2017). D) Beachrock slabs on the coast of a reef
island at Tikehau atoll (Duvat, Salvat & Salmon 2017). E) Extensive beachrock outcrop on the
eastern shoreline of Tepuka Island, Funafuti atoll (Kench et al. 2014). F) Beachrock outcrop
on the beachface on Vunavudra Island, Fiji (McKoy, Kennedy & Kench 2010).

Sediment budget and characteristics
The carbonate budget, i.e. the difference between the carbonate produced and that
removed from a reef, is a fundamental driver of reef island formation and is described
in section 1.5.3. The availability and continuous supply of sediments are necessary
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for maintenance and stability of reef islands (Kench & Cowell 2002). Island areas can
expand due to the existence of suitable hydrodynamic processes to allow continuous
sediment supply from surrounding reefs to be deposited on reef flats (Woodroffe et
al. 2007). Because reef island sediment is derived entirely from the surrounding reefs,
the health in terms of abundance and calcification rates of reef biota are of significant
importance to island stability (Perry et al. 2011). The resultant carbonate structures
are further eroded by physical and biological processes to produce sediments of
various sizes until energy is sufficient to transport and deposit them on to the focal
point of reef flats.
The continuous delivery of carbonate sediments by waves and currents is essential
for island stability and hence, it’s accretion (Smithers & Hopley 2011). Decreases in
sediment supply or obstruction to physical processes will lead to a corresponding
decrease in localised sediment budgets and have a negative impact to island stability
(Forbes et al. 2013). Islands dominated by rubble or coarser sands are more resilient
than those dominated by sand as more energy is needed to remove these sediment
from the island (Perry et al. 2011). The presence of boulders or rubbles on the
windward margin of reef islands, deposited by storm and hurricanes, offers protection
to the shoreline and may further promote sediment accumulation on the leeward side,
allowing expansion of beaches (Bayliss-Smith 1988; Woodroffe 2008; Nunn, Kohler &
Kumar 2017).

Reef Island vulnerability
As described previously, reef islands are the result of interrelationship of various
factors in which small changes can affect reef islands significantly. Many studies
acknowledged that these factors are changing or are predicted to change in the future
(IPCC 2013). Island changes with regards to area, size and shape and vegetation
cover have been documented globally (Refer to Table 1.1 for the list of available
studies pertaining to reef island change). These changes have been accentuated by
climate change and its associated impacts, seasonal changes as well as human
activities.
One of the prominent concerns leading to studies of island change as a result of
climate change is sea-level rise. Climate change has become a worldwide concern as
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more evidence suggest that human activities have contributed to higher
concentrations of greenhouse gases in the earth’s atmosphere causing the
entrapment of heat within the atmosphere. According to the Fifth Assessment Report
on climate change (IPCC 2013), there has been an increment of about 75% of
greenhouse gases emissions globally since 1970. Carbon dioxide (CO2) contributed
about 76% of the total greenhouse gas emission as a result of energy production
mainly from fossil fuel combustion, agriculture, forestry and land-use activities (Victor
et al. 2014). Increasing greenhouse gas concentrations have resulted in rising
temperature globally which in turn has caused climate to change. The impact of
increase greenhouse gases is exacerbated by the loss of natural ecosystem that acts
as sinks to reduce these gases. Consequently, these environmental changes can affect
the ocean and its resources.
The impacts of climate change on low-lying coastal areas, as well as islands, include
shoreline erosion and accretion, destruction of natural resources and habitat areas,
loss of land due to inundation, salt water intrusion, flooding due to storm surges and
high tides, changes in weather pattern, increase in water temperature and ocean
acidification that could affect calcification of reef biota (Church, White & Hunter 2006;
Mimura et al. 2007; Woodroffe & Murray-Wallace 2012; Katselidis et al. 2014). Reef
islands are particularly low in elevation and relatively small in size making them
vulnerable to sea-level rise and the associated impacts of climate change (Yamano et
al. 2007; Woodroffe 2008; Forbes et al. 2013). Reef islands are vulnerable to physical
changes as they are made of unconsolidated sediments of that are easily mobile and
reworked by waves and currents (Kench et al., 2014). Hence, its stability and
resilience to changing environmental condition is of great concern. However, island
shorelines are known to be able to morphologically adjust to changing boundary
conditions (Ford 2013). Forbes et al. (2013) suggested that reef island stability and
growth is maintained through coral growth, biogenic sediment production and wave
action. Reef islands that are without human activities showed more stability than
islands subject to human pressures as observed on reef islands of North Tarawa
(Biribo and Woodroffe, 2013).
The sediment supply of reef islands is primarily derived from the surrounding reef
area (Perry et al. 2011) which implies that the health of reef ecosystems and its
underpinning biota plays a critical role in reef island sediment budget. Hence, island
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resilience to sea-level rise is likely to be highly variable depending on the different
dominant sediment constituents due to the various ecological responses of these
sediment producers to disturbances. An increase in sea surface temperature (SST)
may cause coral mortality, known as coral bleaching, due to the loss of zooxanthellae
from the coral polyps (Hughes et al. 2003; Baker, Glynn & Riegl 2008; HoeghGuldberg 2011). In addition, the increase in carbon dioxide has also caused ocean
acidification which reduces the calcification rate of corals (Hoegh-Guldberg 2011).
Consequently, these events decelerate reef carbonate production amongst reef
communities which affect the sediment production and supply (Dawson, Smithers &
Hua 2014).
Fujita et al. (2009) attributed the decline of sediment production of foraminifera on
reef flats of the Majuro Atoll, Marshall Islands to a decline in their abundance.
Dawson, Smithers & Hua (2014) found that up to 55% of the sediment production at
Raine Island was contributed by large benthic foraminifera annually which
concurrently contributed to the island accretion. Findings of these studies imply that
calcification of reef communities is critical for sediment production and supply, which
is vital for island stability and growth (Baker, Glynn & Riegl 2008). Reduction of
calcification from these organisms due to climate change can have deleterious impact
on reef islands (Hamylton 2014).
Studies have shown that climate change plays an important role in sea-level rise
(Cazenave, Lombard & Llovel 2008; Bosello & De Cian 2014). The melting of ice
sheets and thermal expansion of seawater which have caused ocean mass to increase
were attributable to the rising global temperature (Bosello & De Cian 2014). Many
researchers predicted that, in the next century there will be an acceleration of global
sea-level rise and the Fifth Assessment Report (AR5) of the IPCC projected that it
could rise by up to 0.4-0.63 m within the year 2081-2100 (IPCC 2013). Sea-level rise
can change the hydrodynamic processes such as wave action (increase or decrease
in energy) due to increase in water depth which can be both beneficial and detrimental
to coral reefs (Montaggioni 2005), consequently will impact the sediment supply to
reef islands (Hopley 2011). The increase of water depth can increase wave height
and consequently allowing higher wave energy to circulate through reef areas which
can induce shoreline erosion (Baldock et al. 2014), which can remove sand from reef
islands during overwash (Nunn, Kohler & Kumar 2017).
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The increase in sea level due to climate change has caused great concerns as whether
reef islands are able to sustain their geomorphic integrity under the resultant changing
boundary conditions, especially with the addition of human pressures (Woodroffe
2008). Although several studies suggest that sea-level rise is not the main factor
contributing to shoreline changes on reef islands (Cozannet et al. 2013; Testut et al.
2015) and islands have shown to morphologically readjust and continue to persist
during rising water level (Kench et al. 2015; McLean & Kench 2015), there is also
evidence of significant modification of shorelines through erosion and island
disappearances as a result of increasing sea level (Albert et al. 2016; Nunn, Kohler &
Kumar 2017). Some studies suggest that most reef islands on atoll settings will be
uninhabitable in the future due to sea-level rise and this is of paramount concern,
particularly for small island nations that have limited adaptation space, as human
population will need to relocate (Woodroffe 2008; Storlazzi et al. 2018). Therefore, it
is a contentious issue whether or not reef islands are eroding. This emphasises the
need to go beyond the conventional two-dimensional approach in assessing island
change, to elucidate the diverse range of shoreline behaviours displayed by reef
islands.

Problem statement and significance of the study
Assessing shoreline changes on reef islands can provide important information on
morphological changes, including whether islands have grown or reduced in size,
shifted in position and shape, changed in vegetation type and cover or remained
stable, as a respond to changing environmental conditions. However, the dynamic
morphological response of reef islands to the changing environment factors is still
poorly understood (Hamylton & Puotinen, 2015). This has led to many attempts to
assess island change, most notably in atoll settings, very few on other type of reef
platforms. As seen in Figure 1.7, many studies on reef island change have been
conducted in the Pacific region, but there is a paucity of such studies within the Southeast Asia region particularly around Sabah, Malaysia. Similarly, there are very limited
studies on reef island change for the East Indian Ocean, where North Keeling Island
resides. The summary of these studies are described in Table 1.1. Thus, this study
provides a rare opportunity to compare shoreline changes of three vegetated reef
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islands of non-atoll settings within geographical regions that are still largely
understudied.

Figure 1.7: Map showing spatial distribution of studies related to reef island change. More
information on these studies is given in Table 1.1.

The availability of historical data such as aerial photographs and more recent satellite
imagery allows assessment of island change, particularly shoreline change on
different timescales to be carried out. Shorelines that are derived from these images
represent a snapshot of time and provides insights on past shoreline configurations.
This is important to determine whether the morphological changes are temporary,
especially when associated with short-term fluctuations, for example reversal
monsoonal wave patterns, or is undergoing a longer term change. Therefore,
assessing shoreline changes using different shoreline proxies, both the edge of
vegetation line and base of beach, can assist in determining the short and long term
changes that have occurred on these islands. However, studies comparing both
proxies simultaneously in assessing shoreline changes of reef islands are scarce. In
addition, this study will resolve some of the assumptions used uncritically in common
methods of selecting indicators such as using edge of vegetation as the shoreline
proxy; whether edge of vegetation correlates with shoreline position as indicated by
Ford (2012).
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Table 1.1: Summary of various reef island change studies. The study locations are shown in
Figure 1.7.
Label
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45

Location
Njamuk Besar (Leiden) Island, Djakarta Bay
Heron Island, Great Barrier Reef
Heron Island, and Erskine Island Great Barrier Reef
Ontong Java Atoll, Solomon Islands
Palmyra Atoll
Funafuti Atoll
Pingelap Atoll
Tarawa Atoll
Mokil Atoll
Raine Island, Australia
Gilbert Islands, Kiribati
Majuro Atoll, Marshall Islands
Tarawa Atoll, Kiribati
Manihi Atoll, French Polynesia
Manuae Atoll, French Polynesia
Tetiaroa Atoll, French Polynesia
Tupai Atoll, French Polynesia
Wotje Atoll, Marshall Islands
Turtle Islands Park, Sabah, Malaysia
Funafuti Atoll, Tuvalu
Taku Atoll, Papua New Guinea
Nakidik Atoll, Marshall Islands
Nukutoa Island, Takuu Atoll, PNG
Tepuka Island, Funafuti Atoll, Tuvalu
Funafuti Atoll, Tuvalu
Marshall Islands
Taku Atoll, Papua New Guinea
Taku Atoll, Papua New Guinea
Solomon Islands
Takapoto Atoll, French Polynesia
Tuamotu Atoll, French Polynesia
Lowe Isles, Great Barrier Reef
Pohnpei Island, Federated States of Micronesia
Glover's Reef, Belize
Sapodilla Cays, Mesoamerican Reef Belize
Rocas Atoll
South Maalhosmadulu atoll, Maldives
South Maalhosmadulu atoll, Maldives
South Maalhosmadulu atoll, Maldives
South Maalhosmadulu atoll, Maldives
Vabbinfaru Island, North Male Atoll, Maldives
Grande Glorieuse Island, Scattered Islands
Diego Garcia atoll, Chagos archipelago
Swain Reefs, Great Barrier Reef
Capricornia Section, Great Barrier Reef

Reef Platform

Ocean

Reference

Shoreline
Change

Non-atoll
Non-atoll
Non-atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Non-atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Non-atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll and Non-atoll
Atoll
Atoll
Non-atoll
Atoll
Atoll
Non-atoll
Atoll and Non-atoll
Atoll
Non-atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Atoll
Non-atoll
Atoll
Non-atoll
Non-atoll

Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Atlantic
Atlantic
Atlantic
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Pacific
Pacific

Verstappen (1954)
Flood 1974
Flood 1986
Bayliss-Smith (1988)
Collen et al. (2009)
Webb & Kench (2010)
Webb & Kench (2010)
Webb & Kench (2010)
Webb & Kench (2010)
Dawson & Smithers (2010)
Rankey (2011)
Ford (2012)
Biribo & Woodroffe (2013)
Yates et al. (2013)
Yates et al. (2013)
Cozannet et al. (2013)
Cozannet et al. (2013)
Ford (2013)
Saleh et al. (2013)
Kench et al. (2014)
Mann & Westphal (2014)
Ford & Kench (2014)
Smithers & Hoeke (2014)
Kench et al. (2014)
Kench et al. (2015)
Ford & Kench (2015)
Mann et al. (2016)
Mann & Westphal (2016)
Albert et al. (2016)
Duvat & Pillet (2017)
Duvat et al. (2017)
Hamylton (2017)
Nunn et al. (2017)
Stoddart et al. (1982)
Houser et al. (2014)
Costa et al. (2017)
Kench & Brander (2006)
Kench et al. (2006)
Kench et al. (2008)
Kench et al. (2009)
Beetham & Kench (2014)
Testut et al. (2015)
Purkis et al. (2016)
Flood & Heatwole (1986)
Flood (1988)

P
P
P
P
P
P
P
P
P
P&V
P
P
P
P
P
P
P
P
P
P
P
P
P&V
P&V
P
P
P
P
P
P
P
P
P
P
P
P&V
P
P&V
P&V
P
P
P
P
P
P

* Shoreline change, P = Planimetric; V = Vertical or volumetric

Due to the dynamic nature of reef islands, shoreline response are found to vary
around the island periphery (Ford & Kench 2015; Mann, Bayliss-Smith & Westphal
2016). The factors underpinning the spatial variability could be attributed to the
geomorphic characteristics of the reef island shoreline, such as vegetation and
sediment characteristics, or/and due to the environmental exposures that act upon
them, such as wind and wave direction. The interrelationship between these
environmental variables and rate of shoreline change can provide better
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understanding of island susceptibility on a refine scale. However, a more detailed
analysis of processes driving changes is rarely conducted, as most reef island change
studies focus on quantifying and characterising change, rather than ascertaining its
underlying causes. The statistical model will be used to determine explanatory
variables (Hamylton 2017b) underpinning shoreline change for the study sites, and
further extrapolated to nearby similar reef islands, as a basis for determining island
vulnerability for a better future planning of these islands.
As seen in Table 1.1, most studies that assess reef island change have focused on
the planform variation, treating islands as a two-dimensional landform. However, reef
islands are dynamic, three-dimensional features, and shorelines are able to adjust its
configuration along a vertical and horizontal plane, giving rise to volumetric responses
to changing environmental influences. The reworking of beach sediments may alter
shoreline elevations, but do not necessarily result in significant horizontal
modifications. Despite this issue, there are very few studies that have incorporated
vertical information in assessments of shoreline change. This requires an approach
that goes beyond the traditional planform method of capturing shoreline positions,
where changes in both elevation and horizontal information can be captured and
consequently measure volume change. This study also addresses the benefits of using
drone photos to create digital elevation models using photogrammetric techniques,
and comparing the elevation profiles with those surveyed on the islands. The low cost
products of drone surveys can assist in future volumetric assessments of reef island
dynamics, in which to date, are difficult to obtain and highly costly.

Research questions and objectives
This thesis aims to assess the shoreline changes of three small vegetated reef islands
of non-atoll origin over different time scales and determine the factors underpinning
these changes using various geospatial approach. The specific objectives of this study
as specified in each analytical chapters (Chapter 2 to 6) are to:
Chapter 2: map and classify the reef islands of Sabah, Malaysia.
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Chapter 3: compare the shoreline change using two common shoreline proxies which
are the edge of vegetation line and base of beach of North Keeling Island, Cocos
Keelings Islands.
Chapter 4: assess temporal shoreline changes of Sipadan and Mabul Islands adopting
the DSAS approach.
Chapter 5: generate spatial statistics models of shoreline changes as a function of
potential driver variables for each study sites.
Chapter 6: compare planimetric and volumetric shoreline changes of Mabul and
Sipadan Islands; and create digital surface model of Sipadan Island using drone
photos processed using photogrammetric method.

Case study locations
Three vegetated reef islands are selected for this study, namely North Keeling Island
of Cocos Keelings Islands, Sipadan and Mabul Islands of Sabah, Malaysia as shown in
Figure 1.8. These islands are selected as study sites as they fall into the
aforementioned region of the globe that has been understudied with respect to reef
island behaviour. They also represent vegetative sandy reef islands formed on reef
platforms of non-atoll settings and are influenced by different environmental factors
as well as human disturbance. North Keeling and Sipadan Islands are both oceanic
and undeveloped vegetated reef islands; the former is a protected National Park area
and uninhabited, whereas the latter is a protected Marine Park but is inhabited.
Sipadan and Mabul Islands are neighbouring reef islands with similar shape and size
and are exposed to similar environmental conditions. Thus, these study sites provide
the opportunity to compare shoreline changes between undisturbed, semi-disturbed
and disturbed reef islands as a result of human anthropogenic activities which are
rarely included in reef island studies.
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Figure 1.8: Map showing locations of selected study sites for this study, indicated by the red
coloured dots. Insets showing the aerial views of the reef islands in this study; A) North Keeling
Island, Cocos Keelings Island in the Indian Ocean (Source: PalawanOz 2012), B) Mabul Island
(Source: PulauMabul.com 2015) and C) Sipadan Island of Sabah, Malaysia located in the
Pacific Ocean (Source: Sabah Parks).

Collectively, the methods employed across the chapters of this thesis were designed
to follow a hierarchy of increasing depth of geospatial analysis as described in
Hamylton (2017b) which form a tripartite framework known as the 3Ms of spatial
analysis; Mapping, Monitoring and Modelling, as applied to reef island shoreline
changes, as illustrated in Figure 1.9. This study begins with creating maps for reef
island classification of Sabah, Malaysia, using ArcGIS, then monitors shoreline
changes by comparing information derived from multiple maps and models shoreline
changes based on available environmental variables.
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Figure 1.9: Schematic representation of the hierarchical framework for this thesis structure
based on increased analytical depth for utilising spatial information on reef island shoreline
change from mapping to monitoring to modelling.

Structure of study
This thesis is structured according to the hierarchy of analytical depth of conducting
geospatial analysis in assessing reef island change as illustrated in Figure 1.9. This
thesis comprise of seven chapters and has been organised as follows:


Chapter Two describes the geological setting of Sabah, Malaysia and the
classification of reef islands within the region.



Chapter Three examines the results of reef island change of North Keeling Island,
Cocos Keeling Islands measured using two common shoreline proxies which are
the Base of Beach and Edge of Vegetation Line following the methods of DSAS.



Chapter Four investigates the short term and long term shoreline changes for
Sipadan Island and Mabul Island of Sabah, Malaysia. Digital Shoreline Analysis
System (DSAS) was used to examine the long-term and seasonal shoreline
changes of two different shoreline proxies for both reef islands.
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Chapter Five investigates the main factors contributing to shoreline changes of
North Keeling, Sipadan and Mabul Islands by using a geostatistical modelling
approach to examine how shoreline changes are related to environmental factors.
Various factors such as sediment and vegetation characteristics, presence of
cemented features, distance from reef edge and presence of building structures
were quantified to model the shoreline changes of the studied islands.



Chapter Six uses beach profiles surveyed at two different time period to calculate
beach volume change for Sipadan and Mabul Islands. Volumetric changes were
further compared with the corresponding planimetric Base of Beach shoreline
change rate measured using DSAS. In addition, GPS surveys as well as aerial
photos collected using the drone were used to construct a DSM examining the
elevation variation and further calculation of island volume for Sipadan Island.



Chapter Seven summarises the main outcomes of the thesis based on the
geospatial analysis framework of mapping, monitoring and modelling reef island
dynamics undertaken through Chapters Two to Six.

Chapter 3 of this thesis has been published as follow:
Adnan, FA, Hamylton, SM and Woodroffe, CD 2016, 'A Comparison of Shoreline
Changes Estimated Using the Base of Beach and Edge of Vegetation Line at North
Keeling Island', Journal of Coastal Research, vol. 75 (sp1), pp. 967-971.
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MAPPING REEF ISLANDS: A REVIEW AND
CLASSIFICATION OF THE REEF ISLANDS OF SABAH

Introduction
Sabah is the second largest state in Malaysia. Malaysia has an extensive coastline and
comprises Peninsular Malaysia and East Malaysia. The former borders Thailand and has
11 states and two federal territories, whereas the latter, on the island of Borneo, consists
of the states of Sarawak and Sabah, and the federal territory of Labuan. Sabah borders
Brunei at the southeast and Kalimantan, Indonesia at the South. Surrounding these two
separate land masses are numerous islands of various shapes and sizes. Figure 2.1 below
shows the location of Sabah, Malaysia in relation to other Asian countries.

Figure 2.1: Map of Malaysia: Peninsular Malaysia on the west and Sabah, Sarawak and Labuan
located on the east.

As part of the United Nation Convention on the Law of the Sea, Malaysia has authority
over about 475,600 km2 of the maritime area known as the Exclusive Economic Zone
(EEZ) (Saharuddin, 2001). The EEZ for Peninsular Malaysia borders Thailand, Indonesia,
Vietnam and Singapore. On the other hand, the EEZ boundaries of Sabah border the
Philippines and Indonesia on the north and east coast, and Brunei and Vietnam on the
west. Within the maritime boundaries of Malaysia lie about 877 islands as listed by
31

Jabatan Ukur dan Pemetaan Malaysia (also known as Department of Survey and Mapping
Malaysia) (2005) and more than 50% of these islands are located within the territorial
waters of Sabah. Figure 2.2 shows the number of islands located within the relevant
states and federal territory of Malaysia.
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Figure 2.2: Number of islands in Malaysia based on respective states and federal territory (Data
source: JUPEM, 2005).

Sabah has a land area of about 73, 620 km2 (Government of Sabah 2017) which consists
of five administrative divisions and is divided in to 24 districts (JUPEM, 2005). 19 of these
districts are coastal districts (DHI 2005) and they make up about 2344.6 km or almost
40% of Malaysia’s total coastline (Saharuddin 2001). Sabah abuts the South China Sea
on the east to the north, Sulu Sea on the north to northeast and Celebes Sea on the
northeast to southeast. The boundaries of the seas surrounding Sabah are based on the
limits defined by the International Hydrographic Organization (IHO) (1953) and the
seaward extent is to the Malaysian Territorial Waters and EEZ of Malaysia (Director of
National Mapping Malaysia 1979).
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The limits of these seas for the coastal area of Sabah are defined below based on IHO
(1953) and is shown in Figure 2.3:
1.

South China Sea: The coastal area of Sabah that faces the South China Sea starts
from Tanjong Sampanmangio (more commonly known as Tanjung Simpang
Mengayau) located at the district of Kudat, Sabah which is the most northern point
of Borneo. From this point, along the west coast of Sabah until Brunei Bay near
Labuan, this marks the boundary with the country Brunei.

2.

Sulu Sea: From Tanjung Simpang Mengayau, Kudat, along the coastal waters of
Sandakan until Tanjong Labian, Lahad Datu. Seaward limit from Tanjong Labian is
to the international boundary towards Balabac straits in the north and Tawi Tawi
Island, Philippines in the east.

3.

Celebes Sea: Coastal area of Celebes Sea region for Sabah starts from the limit of
Sulu Sea which is Tanjong Labian, Lahad Datu and along the eastern coast to the
south until Pulau Sebatik Indonesia.

Figure 2.3: Seas around Sabah, Malaysia. Western coast of Sabah up to Tanjung Simpang
Mengayau faces the South China Sea. Sulu Sea fringes the northern and northeastern coasts from
Tanjung Simpang Mengayau to Tanjong Labian, which marks the beginning of Celebes Sea area
for Sabah.
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Sabah has marine areas with significant marine biodiversity particularly the northern and
eastern marine waters, and has been included in the Coral Triangle (Hoeksema 2007;
Yaman 2007; Veron et al. 2009; Jolis & Saleh 2015). Various reef types exist around
Sabah, including shelf, proto-atoll, patch, fringing and barrier reefs (Wood 1987b;
Waheed & Hoeksema 2013). Reef ecosystems are not only important for sustaining
fisheries resources or generating tourist based income for Sabah (Choo, Kassem &
Sumampouw 2012), but reef islands have formed on several of the reefs. In comparison
to other types of islands such as high islands of continental or volcanic origin, reef islands
are more vulnerable to environmental changes due to their low elevation (usually <3 m
above sea level), relatively smaller size and is made up of mainly unconsolidated sand
that are easily reworked by waves and currents (Stoddart & Steers 1977; Yamano,
Kayanne & Chikamori 2005; Woodroffe 2008; Hamylton 2014; Nunn et al. 2016).
In Sabah, some islands, regardless of the island types and sizes, provide space for human
residence and indirectly, livelihood income from the surrounding ecosystem (Jolis & Saleh
2015; Waheed et al. 2015; Abdullah, Ali & Isnain 2017). Several islands are also
designated as Marine Protected Areas due to its valuable flora and fauna such as the
endangered marine turtles (Chan, Joseph & Liew 1999; Musta, Abdullah & Tahir 2010).
More recently, the rising popularity of islands around Sabah are due to tourism related
activities such as SCUBA (self-contained underwater breathing apparatus) diving which
is reflected in the increase of tourism developments on the islands as seen in the
Semporna region (Musa 2002; Choo, Kassem & Sumampouw 2012; Aw 2013; Mapjabil
et al. 2015). Despite the economic benefits generated from such activities (Mapjabil,
Yusoh & Zainol 2012; May-Ling et al. 2014), continuous sustainability of these islands
and its surrounding ecosystem from associated anthropogenic impacts needs to be a
priority (Tan, Hong & Lee 2010).
Sabah has about 495 islands as listed by JUPEM (2005). However, it is still unknown how
many of these are of reef island type. The importance of emphasizing on reef islands is
that these islands are characteristically more sensitive in comparison to other types of
islands, for example the high continental islands (Smithers et al. 2007b; Nunn et al.
2015a; b; Nunn et al. 2016; Duvat et al. 2017). The different typology is related to how
islands were formed, for example the high islands could be part of a continent or
volcanoes rising from the earth’s crust, whereas reef islands are formed only after reef
platforms reached sea level allowing sand accumulation on the nodal point. Due to the
difference in characteristics, the common generalisation that all islands are similar and
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hence demonstrate reciprocal behaviour and respond to changing boundary conditions
is inaccurate. Therefore, this chapter aims to review and map the islands of Sabah more
specifically to identify the locations of reef islands and further classify them based on
several criteria which are the vegetation cover as a means to compare its natural
characteristics and the degree of development structures to determine extent of human
disturbance on these islands. Thus, the produced map will provide information on which
reef island is naturally more sensitive due to its natural characteristics and their exposure
to anthropogenic activities which are known contributors to island change.
A classification of islands has been developed as a guideline for the physical
development planning of islands in Malaysia by the Department of Town and Country
Planning Peninsular Malaysia (Jabatan Perancangan Bandar dan Desa Semenanjung

Malaysia) (JPBDSM 2015). This classification suggested that islands can be distinguished
into four categories based on current and potential land use type, which are i)
Development Islands, ii) Tourism Islands, iii) Marine Park Islands and iv) Uninhabited
islands. However, this classification only serves as a guideline for planning future island
development but did not actually classify the entire suite of Malaysian islands. Therefore,
the classification of reef islands developed in this thesis can provide baseline information
on their spatial distribution including their characteristics to be used for spatial
assessments related to its vulnerability and be incorporated in establishing sound
management and development plan for Sabah islands.

Environmental Setting
Malaysia is a tropical country with a climate that is warm with temperature ranging from
21°C to 32°C (cooler temperature at the highlands as low as 16°C) and humid year
round with annual rainfall of 2,500 mm (Saad 2012). The Northeast and Southwest
monsoons influence the wind, currents and wave patterns (Defense Mapping Agency
1994; Saleh et al. 2010; Samrat, Ahmad & Taha 2014). Sabah is surrounded by three
seas which are different and dynamic in terms of bathymetry (Royal Malaysian Navy
1998) and hydrodynamics (Wyrtki 1961). The coastal region of the South China Sea and
Sulu Sea experiences a diurnal tide, in contrast the coasts at the Celebes Sea region
have semi-diurnal tides (DHI 2005). Northeast monsoon which usually occurs from
November to March brings more rainfall compared to the Southwest monsoon that
prevails from May to September, causing warmer and drier conditions. Currents bring
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water from the Pacific Ocean to the coastal areas of Sabah, from the northern direction
during the northeast monsoon. In contrast, currents from South China Sea enter the
northern and eastern waters of Sabah namely the Sulu Sea and Celebes sea, from August
to October (Wyrtki 1961; Defense Mapping Agency 1994). Sea water in this region is
consistently warm with an average sea surface temperature of about 24°C to 32°C (Lim
et al. 2009) due to the immense supply of sunlight received throughout the year.
Sabah is a region that has complex geology and is influenced by tectonic events as a
result of the opening of the South China Sea, Sulu Sea as well as the Celebes Sea since
early Tertiary (Tongkul 1991). As a consequence of the plate movements, subsidence
and uplift of the earth’s crust occur around Sabah, but are found to be not uniform
(Leong 1999; Parham 2016). The western Sabah is subsiding, at least since the midHolocene whereas the uplifting in Semporna is likely a resultant of late Quaternary
volcanism (Parham 2016). Similarly, convergence of marine plates have formed marine
volcanoes around Sabah which is more apparent at the eastern region (Tongkul 1991).
Within the eastern waters of Sabah, reefs grow around and on top of these volcanoes
which provide areas for island formation (Romero & Zacher 1981; Musta, Abdullah &
Tahir 2010). Both tectonic movements and volcanism play a major role in the placement
and growth of reefs around Sabah.

Methodology
The methodological approach in this chapter is divided into three categories which are
i) mapping the islands, ii) identifying reef islands and iii) classification of reef islands,
and are described in the following sections.

Mapping the islands
Google Earth and ArcGIS base map were used to correctly locate the positions of each
island. Point shapefiles were created in ArcMap based on the coordinates (latitude and
longitude; degrees and minutes) and lists of 495 islands of Sabah as published in JUPEM
(2005). The coordinates were converted to decimal degrees format in excel prior to
plotting as point shapefiles in ArcMap. These points were still the best option to be used
as a guide to locate all the islands of Sabah from the ArcGIS base map provided by ESRI,
and from Google Earth when the basemap image of a particular location is of poor
resolution. Google Earth can provide high resolution recent images which are beneficial
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for monitoring small landforms such as reef islands (Flood 2018). The broad coordinates
gave general position of the islands, but where basemap or Google Earth showed
somewhere else the location was updated. The coordinates are then added to the
attribute table of the shapefiles. Similar approach has been adopted by Nunn et al.
(2016) in obtaining the coordinates of islands at the Pacific Ocean using the freely
available Google Earth Map. An advantage of this approach is that additional islands that
were identified from the basemap and Google Earth, but were not listed in JUPEM (2005)
could be added to the map produced.
Names and locations of the islands were cross-checked with other sources such as the
Marine nautical charts (Royal Malaysian Navy 1993a; b; 1998; 1999a; b), maps (Director
of National Mapping Malaysia 1979; Director of Survey and Mapping Malaysia 2014;
2015) and the sailing directions guide published by (National Geospatial-Intelligence
Agency 2015) to ensure that the islands do not overlap and whether the correct island
had been identified in ArcMap. Apart from sources mentioned above, various local
reports and literature, government and commercial tourism websites as well as local
knowledge were used to improve the positions and identify the unknown names of these
islands with respect to South China, Sulu and Celebes Sea. However, as most (>50%)
of the islands of Sabah are listed as “Unnamed” in JUPEM (2005), it poses a challenge
to accurately locate these islands especially when the basemap does not provide clear
imagery of the required locations, or their locality were not provided as their sizes were
too small to be inserted in local maps. For “Unnamed” islands that could not be accurately
identified, the coordinates given in JUPEM (2005) were then used. In some cases, even
sizeable islands were not given names or could be spelled differently from those stated
in maps and literature.

Identifying reef islands
Each reef islands was visually identified from Google Earth and ArcGIS base map, using
the maps, published literature and personal knowledge as references where images are
unclear. To differentiate reef islands from other islands, several criteria were adopted to
identify them which are a) sandy area that can be seen on top of shallow reef flats, b)
have low elevation above water level and have c) small area size which are described as
follow:
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a) Sandy area that can be seen on top of shallow reef flats/ shoal.
The information on island substrate is important to distinguish different island types as
it is related to their origin and formation processes (Nunn et al. 2015b). Reef islands are
made of mostly unconsolidated carbonate sand that has been deposited on the leeward
section of the reef platform (Gourlay 1988; Smithers et al. 2007b; Woodroffe 2008).
ESRI basemap and Google Earth can provide some details on island composition such as
carbonate sand, which when above water level, are usually cream in colour, whilst mud,
terrestrial sediments and rocks are usually darker in colour. Shorelines of reef islands
may form spits that are transient depending on the directions of waves and currents
(Kench & Brander 2006a). Their shapes and sizes often vary, and this can be influenced
by various boundary controls.
b) Have low elevation above water level.
Reef islands are low-lying land area, with elevation not exceeding several meters above
sea level (McLean & Kench 2015; Nunn et al. 2015b). This is another unique
characteristic of reef islands which can be used to differentiate them from other types
of islands most significantly of higher elevation such as the continental and volcanic
islands. Google Earth provides freely available global elevation data by using the digital
elevation model (DEM) collected by Shuttle Radar Topography Mission (SRTM) for its
baseline elevation (El-Ashmawy 2016) and this was used as a source to obtain the
information on island elevation of Sabah region. However, it is important to note that
although the DEM were of low resolution and causing errors especially for small reef
islands within the scope of this study, it is still a reliable data source especially when
dealing with large scale areas (Rusli, Majid & Din 2014; Wang et al. 2017). Available
online photos from Google Earth, tourist agencies, government websites that showed
ground level observations of the islands provide important additional information on
island elevation. However, this was mainly limited to popular islands such as tourist
islands and islands that are closer proximity to the mainland. To minimise the inaccuracy
of identifying low-lying reef islands, a published sailing directions guide by National
Geospatial-Intelligence Agency (2015) was used as an additional reference as it provides
general descriptions on characteristics and elevation for several islands of Sabah. In
addition, online literature and personal knowledge of these islands were incorporated
during the identification process.

38

c) Small area size.
Reef islands are also known as small islands having areas commonly less than 1 km2
(100 ha). However, this landform can also be found to be less than 0.01 km2 (1 ha) and
even some exceeding 1 km2 (Webb & Kench 2010; Biribo & Woodroffe 2013; Duvat,
Salvat & Salmon 2017). The small size could be attributed to its formation which could
be relatively recent. It is presumed that the area size for reef islands of Sabah will be
less than 100 ha, similar to the ones from the neighbouring Indonesian waters as
recorded by Kench & Mann (2017), due to the close proximity inferring similar geological
and environmental boundary conditions.

Classification of reef islands
Reef islands are commonly distinguished based on lithology (sand and shingle) and the
presence of vegetation on the land surface (Stoddart & Steers 1977; McKoy, Kennedy &
Kench 2010). Presence of vegetation on reef islands is important as it imparts some
stability against erosion especially during high energy events (Bayliss-Smith 1988).
Therefore, this study aims to classify the identified reef islands of Sabah into vegetated
and non-vegetated islands. Vegetation can be recognized from the aerial images as it is
green in colour compared to the bare sandy land. Although vegetation may be present
on reef islands, the type and amount or density of cover may differ from one island to
another. Dense vegetation cover implies mature stage of island formation (Smithers et
al. 2007b; McKoy, Kennedy & Kench 2010) and less human disturbance (Adnan,
Hamylton & Woodroffe 2016), whilst sparse vegetation cover could be caused by human
disturbance (Duvat & Pillet 2017), erosion or overwash (Stoddart 1964; Flood &
Heatwole 1986; Bayliss-Smith 1988) or early stage of island formation (Heatwole 2011).
Densely vegetated reef islands especially with taller mature tree cover are more stable
than the islands having sparse vegetation cover (Stoddart 1964). For this reason, the
common generalization of vegetated reef islands is further refined to distinguish between
sparse and dense vegetated reef islands. A simple approach to achieve this is by visual
assessment from Google Earth and ArcGIS base map as seen in Figure 2.4.
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Figure 2.4: Example of reef islands for classifications of vegetation cover and development levels.
(A to C): Comparison between none, dense and sparse vegetation cover for reef islands. (D to
F): Comparison between none, low, moderate and high development levels as seen on the island
surface. (A) Kalangkaman Island, (B) Sipadan Island, (C) Pandanan Island, (D) Kalampunian
Besar, (E) Landayang Island, (F) Mataking Island and (G) Mabul Island.

The second classification aims to distinguish between the undeveloped and developed
reef islands as a representation of the degree of human disturbance through the amount
of built infrastructure present on this sensitive landform. The initial observations of the
images provided in ESRI base map and Google Earth suggested that the amount of
building structures on the islands varied. Due to this reason, it would be unfair to
generalise the presence of development characteristic to a single attribute. Denser
grouping of building structures on reef islands infers more human disturbance, in which,
without proper management and control could exceed the carrying capacity of the island
to sustain (Aw 2013). By visually assessing the images, reef islands were further
distinguished into three different levels of development which are low, moderate and
high developments. Table 2.1 provides the descriptions of the different levels of
developments adopted for the reef island classification. The three categories are
arbitrary, defined based on the general observations of land use cover, visually seen on
the surface of reef islands of Sabah (Figure 2.4).
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Table 2.1: Description of the different levels of developments adopted for the reef island
classification.

Development Level

Description

Low

Minimal presence of infrastructure occupying approximately
less than 5% of the island area.

Moderate

Moderate amount of infrastructures or human settlements
occupying not more than 30% of the island area.

High

Extensive cover of infrastructures or human settlements
occupying more than 30% of the island area. Infrastructures
extending seawards on to the reef flats are commonly found
on these islands.

Island distribution and reef island classification for Sabah, Malaysia
A summary of the overall distribution of islands and classifications of reef islands of
Sabah located within the three adjacent surrounding seas namely South China Sea, Sulu
Sea and Celebes Sea are shown in Figure 2.5 and are described in the following sections.
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Figure 2.5: Overview of island distribution and reef island classification for Sabah, Malaysia.

Distribution of islands
Distribution of the 495 (515) islands of Sabah are shown in Figure 2.6. In comparison to
existing studies, the additional islands included the modified Layang Layang Island of
the Spratly Group of islands, South China Sea and an artificial island located at the
Celebes Sea region. Out of 515 islands that were mapped, 44 were identified as reef
islands based on the characteristics described above. The least number of islands were
identified within the South China Sea region compared to other parts of Sabah’s coast.
Here, a total of 43 islands were identified and only two were reef islands. Majority of the
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Sabah’s islands are located within the Sulu Sea region fringing the northern to the northeastern coast where 26 out of the total 268 islands are reef islands. Sixteen reef islands
were identified from 204 islands located at the Celebes Sea region.

Figure 2.6: Distribution of islands around Sabah, Malaysia (Figure A). Distribution of islands of
Sabah within each seas; B. South China Sea (43 islands); C. Sulu Sea (268 islands) and D. Celebes
Sea (204 islands). (Data source: Imagery © ESRI Basemaps).

The shallow reefs were more extensive along the northern to the south eastern sea area
of Sabah compared to the western coasts as seen in ESRI basemap and Google Earth.
This indicates that the reefs were closer to the surface at the Sulu Sea and Celebes Sea
coastal region compared to the South China Sea. Uplifting has resulted in raised coral
beds and formation of volcanoes along the eastern to south eastern region whereas the
western and northern region are subsiding (Parham 2016). The shallow reef closer to
sea level provide platform for sand accumulation generated from the surrounding reef
system as a result of wave refraction and convergence (Gourlay 1988). This is the reason
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why more reef islands were found at these areas compared to the South China Sea
region.
Attempts were made to accurately locate the individual islands as listed in JUPEM (2005).
However, due to the lack of island names, it was difficult to cross-check these “Unnamed
islands” with other sources such as Google Earth and maps, especially those that are
relatively very small. In addition, the maps and marine charts do not show many of these
unnamed small islands. Complications in locating some islands were also contributed to
the inconsistency in spellings and names that were used in other sources. In some cases,
the exact locations of several “unnamed” islands were uncertain, and the original
coordinates provided by JUPEM (2005) were adopted.

Classification of reef islands of Sabah
Forty-four reef islands of various shapes and sizes were identified and mapped around
Sabah’s maritime area (Figure 2.7). Sulu Sea had the most number of reef islands (26
islands) followed by Celebes Sea (16 islands) and lastly South China Sea with only 2 reef
islands. The numbers of reef islands based on vegetation cover and development level
classifications is shown in (Figure 2.8). Overall, Sabah has 31 vegetated reef islands in
which only 12 of these have dense vegetation cover. Only 18 out of all 44 reef islands
have no presence of building structures indicating no development. The number of reef
islands having low development was 11 and this is similar to the moderate development
category. Only 4 islands (9%) depicted high level of development. Both the reclaimed
and artificial reef islands are classified as having high level of development.
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Figure 2.7: Map of reef islands distribution of Sabah, Malaysia (Figure A). The inset boxes marked
B, C and D show the reef islands that are located within each Sea boundary. Figure B, C and D
correspond to the inset boxes with the same labels in the map, which show the classification of
reef islands based on presence of vegetation and level of development within South China Sea,
Sulu Sea and Celebes Sea respectively.
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Figure 2.8: The numbers of reef islands based on vegetation cover and development level
classifications.

The large scale images of each reef islands displayed in Figure 2.9, 2.10 and 2.11 within
the maritime areas of South China Sea, Sulu Sea and Celebes Sea respectively show the
characteristics of these islands. Classification of the vegetation cover type revealed that,
both reef islands in the South China Sea region had vegetation on the surface. The
reclaimed Layang-Layang Island had sparse vegetation cover and conversely the
Kalampunian Island of the Pulau Tiga Marine Park is densely vegetated (Figure 2.9).
Fifteen of the reef islands located at the Sulu Sea region are vegetated whereas the
remaining 40% are bare sandy reef islands. Here, only 5 islands have dense vegetation
whereas the other 10 islands have sparse vegetation cover (Figure 2.10). Similarly, at
the Celebes Sea region, more reef islands are vegetated (14 out of 16 islands) in which
six islands have dense vegetation cover and eight islands have sparse vegetation cover
(Figure 2.11). On the other hand, the other two reef islands are found to be without
vegetation cover.

46

Figure 2.9: Map of Sabah’s reef islands within the South China Sea (Figure A). The reef islands
are labelled SC1-SC2 and the inset showing locations of these islands relative to Sabah. Large
scale image of each reef island with different scales are provided in SC1-SC2. SC1: Kalampunian
Besar Island, an elongate shape island with vegetation on the northern and southern areas. SC2:
Layang Layang Island formed on an atoll, which has undergone modification due to reclamation
and construction of building structures (Data source: Imagery © ESRI Basemaps). Refer to Table
2.2 for more details on these islands.
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Figure 2.10: Map of Sabah’s reef islands within the Sulu Sea (Figure A). The reef islands are
labelled S1 to S26 and the inset showing location of these islands relative to Sabah. Large scale
image of each reef island with different scales are provided in S1-S26. (Data source: Imagery ©
ESRI Basemaps). Refer to Table 2.2 for more details on these islands.
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Figure 2.11: Map of Sabah’s reef islands within the Celebes Sea (Figure A). The reef islands are
labelled C1 to C16 and the inset showing location of these islands relative to Sabah. Large scale
image of each reef island with different scales are provided in C1-C16. (Data source: Imagery ©
ESRI Basemaps). Refer to Table 2.2 for more details on these islands.
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The reef islands located within the three maritime boundaries were further distinguished
based on different levels of development. No development was present on Kalampunian
Island of South China Sea as it is in a Marine Park island whilst Layang-Layang Island is
categorised as having High Development. As seen in Figure 2.10, no building structures
were seen on 15 out of 26 reef islands in the Sulu Sea region. Generally, these islands
that are undisturbed are smaller in size, without vegetation cover and have irregular
shapes. Within the Sulu Sea region, the number of reef islands within the Low and
Moderate development categories are almost similar, six islands in the former and five
islands in the latter category. No reef island indicated high level of development within
the Sulu Sea region. About 88% of the reef islands of Sabah located in the Celebes Sea
region have some sort of development present on the islands (Figure 2.11). Only two of
these islands which are both located in the district of Semporna, have no development
present on them. The number of islands in Celebes Sea identified as having High
Development is three which is the highest compared to South China Sea and Sulu Sea.
Six islands have Moderate development level, and this is slightly more than islands in the
Low development category. Islands within the High Development category such as Mabul
Island in Semporna, need to be given proper development control to avoid exceeding its
carrying capacity that could further change the island geomorphic features and
deteriorate the health of surrounding reef system.
Summary of characteristics and attributes of the reef islands of Sabah is provided in
Table 2.2. As seen in the figures above and the information provided in the Table 2.2
below, the reef islands of Sabah come in various shapes and sizes. Most of the vegetated
reef islands have elongated, triangular and almost circular or elliptical in shape, whereas
the bare reef islands have shapes that are more complex and irregular. All of these reef
islands have estimated area size less than 100 ha (1 km2) with values between <1 ha
(0.01 km2) to slightly above 60 ha (0.6 km2). Generally, the reef islands within the Sulu
Sea are found to be smaller in size compared to those within the Celebes Sea. In addition,
built structures are more commonly found on vegetated reef islands compared to the
bare sandy islands. This may be due to the fact that these vegetated reef islands are
larger in size and consequently able to accommodate building structures and human
inhabitants.
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Table 2.2: List of reef islands of Sabah and their characteristics. (*Ligitan Island: Due to the
difficulty in identifying exact location from the ESRI basemap and Google Earth, the coordinate
and area size provided by JUPEM (2005) is applied).
No.

Maritime Zone

1 South China Sea
2
3 Sulu Sea
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
30 Celebes Sea
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Label
SC1
SC2
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

Island Name
Kalampunian Besar
Layang Layang
Kalangkaman
Unnamed
Unnamed
Lingisan
Straggler
Tambulian
Buwaning
Tibakan
Kukuban
Landayang
Bush
Kalangan/Kalangaan
Mabahok
Bangkuruan
Tegipil
Bilean
Langkayan
Gulisaan
Silingan/Silingaan
Bangkungaan Kecil
Langaan
Unnamed/Langaan2
Unnamed
Unnamed
Unnamed
Unnamed
Sibuan
Maiga
Mantabuan
Gusungan
Pom Pom
Pandanan
Kalapuan
Mataking Kecil
Mataking
Timba Timba
Bohayan
Mabul
Kapalai
Sipadan
Ligitan*
Roach Reef

Vegetation Development Level
Sparse
Sparse
None
Sparse
None
Sparse
None
None
None
None
Dense
Sparse
None
Sparse
Sparse
Dense
Sparse
Dense
Dense
Sparse
Dense
Sparse
Sparse
None
Sparse
None
None
None
Sparse
Sparse
Dense
None
Sparse
Sparse
Sparse
Dense
Dense
Dense
Dense
Sparse
None
Dense
Sparse
Sparse

None
High
None
None
None
None
None
None
None
None
Low
Low
None
None
Moderate
Low
Low
Moderate
Moderate
Low
Moderate
Moderate
Low
None
None
None
None
None
Low
Moderate
Low
Moderate
High
Low
Moderate
None
Moderate
Low
Moderate
High
Moderate
Low
None
High

Longitude
E 115° 40' 26.4"
E 113° 50' 49.2"
E 117° 21' 3.5"
E 117° 1' 18.4"
E 117° 17' 14.3"
E 117° 15' 58.7"
E 117° 28' 45.2"
E 117° 27' 45.4"
E 117° 30' 1.02"
E 117° 28' 10.8"
E 117° 24' 22.7"
E 117° 21' 6.5"
E 117° 19' 4.6"
E 117° 30' 11.8"
E 117° 27' 29.4"
E 117° 41' 17.9"
E 117° 43' 8.7"
E 117° 46' 3.02"
E 117° 55' 4.4"
E 118° 3' 13.9"
E 118° 3' 37.2"
E 118° 6' 38.1"
E 118° 8' 58.2"
E 118° 9' 19.1"
E 117° 44' 13.8"
E 117° 44' 31.6"
E 117° 41' 51.06"
E 117° 26' 34.8"
E 118° 39' 28.8"
E 118° 41' 16.8"
E 118° 47' 34.8"
E 118° 32' 45.6"
E 118° 51' 50.4"
E 118° 54' 54"
E 118° 50' 56.4"
E 118° 56' 45.6"
E 118° 56' 56.4"
E 118° 55' 15.6"
E 118° 56' 6"
E 118° 37' 51.6"
E 118° 41' 2.4"
E 118° 37' 44.4"
E 118° 53'
E 118° 18' 18"

Latitude
N 5° 44' 55.03"
N 7° 22' 26.9"
N 7° 20' 32.4"
N 7° 4' 24.1"
N 7° 5' 56.5"
N 6° 58' 13.2"
N 7° 5' 24.5"
N 6° 58' 20.6"
N 6° 58' 44.7"
N 6° 56' 8.1"
N 6° 55' 48.8"
N 6° 48' 21.1"
N 6° 47' 39.4"
N 6° 46' 46.5"
N 6° 47' 3.8"
N 6° 31' 49.03"
N 6° 32' 57.7"
N 6° 36' 43.4"
N 6° 30' 25.8"
N 6° 8' 57.4"
N 6° 10' 30.1"
N 6° 9' 59.1"
N 6° 12' 18.1"
N 6° 12' 31.5"
N 6° 15' 7.6"
N 6° 15' 26.2"
N 6° 31' 37.1"
N 6° 49' 34.6"
N 4° 39' 3.5"
N 4° 36' 15.2"
N 4° 38' 6.2"
N 4° 18' 55.5"
N 4° 35' 44.7"
N 4° 34' 47.06"
N 4° 31' 42.8"
N 4° 35' 24.5"
N 4° 34' 37.2"
N 4° 33' 19.4"
N 4° 28' 22.7"
N 4° 14' 45.9"
N 4° 13' 20.7"
N 4° 6' 53.7"
N 4° 9'
N 4° 10' 45.1"

Area (ha)
6.5
32.0
1.1
0.3
1.4
0.9
2.1
2.5
10.4
1.0
3.1
1.8
0.4
1.3
1.9
1.8
19.0
4.5
5.9
1.7
9.8
7.0
8.9
0.4
2.0
2.5
0.7
0.3
7.1
17.3
8.1
0.9
39.4
8.2
63.4
2.8
30.8
6.6
42.9
27.3
16.8
18.8
<62.5
0.8

Both vegetation cover and human disturbance as seen through development
infrastructures can further influence island stability. Islands that are more resilient to
changes are considered more stable and as a result of this classification, islands that are
naturally more stable can be distinguished based on the presence of vegetation cover.
As seen in Figure 2.7, more reef islands that are without vegetation (marked by white
circles) are present within the Sulu Sea region. This type of reef island are sensitive
transient landforms that are usually geologically young and more dynamic (Smithers et
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al. 2007b) that could naturally grow into stable reef islands under favourable
environmental conditions, remain as bare sandy islands or otherwise could be absent in
the future due to erosion and inundation. Change in shoreline positions due to increase
in island area reflects island growth and stability, which is anticipated to occur over time.
However, studies have shown that reef islands can also be destabilised and consequently
decrease in area size as a result of changing environmental conditions and also due to
human disturbance (Biribo & Woodroffe 2013; Duvat & Pillet 2017). Studies incorporating
the impact of anthropogenic activities on reef islands are still lacking but are pivotal to
better understand the processes that underpin island change.

Limitations and future application of classification
This chapter mapped and grouped the islands of Sabah based on their maritime
boundaries namely the South China Sea, Sulu Sea and Celebes Sea. Based on the
prominent criteria of reef islands which are low lying, small in size and are made mainly
of unconsolidated carbonate sand, the reef islands were able to be identified and
classified based on presence of vegetation cover type and level of development on the
island. The identification was conducted mainly based on visual assessment through the
ESRI basemaps provided in ArcGIS and Google Earth imagery as well as various online
sources of information such as photos. Some of these online photos may not have the
correct locations and do not provide information on when they were captured. Therefore,
it is important to note that the classification of this study is a snapshot in time and the
findings from current observations in the ESRI basemap and Google Earth are considered
superior. For example, Kapalai Island of the Celebes Sea is labelled as wooded island in
the marine nautical chart (Royal Malaysian Navy 1999a), but this was not the case when
observed through ESRI basemap and Google Earth, it was seen to be unvegetated. Most
of the newly identified reef islands were bare sandy island and very small in size. These
islands were missing from published maps and literature maybe due to their very small
size which could not be drawn upon maps or they may have just recently formed on reef
platforms after the compilation of the published maps.
As this is a desk-based study, the sediment composition and detailed characteristics of
the reef islands were not analysed and as a result, the identification and classification of
reef islands may not be accurate. There are several low-lying islands that have been
excluded from the reef island group mainly because there was lacking of information
especially regarding their sediment composition that can confirm their status as reef
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islands. Figure 2.12 below show examples of islands that resemble characteristics of reef
islands but were excluded from the classification in this study. These islands may have
extensive reefal sands forming much of their surface and hence are subject to similar
processes that underpin reef island growth and patterns of change. Therefore, detailed
lithology and elevation data need to be included to obtain a more accurate classification
of reef islands, or any other island type in the future. Nevertheless, some lithological
information was obtained through online resources to support decision making for this
study.

Figure 2.12: Examples of islands that resemble characteristics of reef islands but were excluded
from the classification in this study. A: Mandi Darah Island (Sulu Sea) B: Danawan Island (Celebes
Sea) C: Bakungan Besar Island (Sulu Sea).

The classification developed in this study can be used as a foundation to understand the
diversity of islands of Malaysia, particularly of Sabah. The desktop-based classification
approach adopted in this study could also be applied to other regions, even of remote
areas due to the global coverage of high resolution imagery provided by ESRI basemap
and Google Earth. Additionally, the classification of island type (reef vs non-reef islands)
can provide useful information regarding island sensitivity and vulnerability as they face
an array of threats particularly climate change and the anticipated sea-level rise. As
tourism is an extremely important economic income for Sabah, such classification can
be a basis for local planning to manage island development as a measure to ensure
sustainability of these islands are not compromised. Developments should be avoided on
highly sensitive islands, which are those without vegetation and further developments
need to be refrained for islands that already have extensive building structures. As field
monitoring is time consuming and expensive, this classification can also be useful to local
authorities and decision-makers to monitor island change by incorporating past and
future datasets.
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Conclusion
A pioneer reef island classification approach has been developed to map the spatial
distribution of islands in general and reef islands in particular for Sabah, by using
information garnered through ESRI basemap, the freely available Google Earth imagery,
supplemented with maps, reports and online data sources. The availability of high
resolution imagery can provide important information that otherwise need to be obtained
through time consuming and costly field surveys. The aim of this classification was to
distinguish the reef islands from other island type within each of the three seas namely
the South China Sea, Sulu Sea and Celebes Sea. From the 44 reef islands identified
around Sabah waters, the northern to the eastern maritime region indicate high presence
of reef islands. Twenty-six reef islands are located within the Sulu Sea has and 16 in the
Celebes Sea which were mostly formed on shallow patched reefs. In contrast, only two
reef islands were identified at the west of Sabah, of the South China Sea.
The classification of islands especially reef islands is highly important to avoid
generalisation of island type as islands have different characteristics and this was
achieved using information such as lithology, vegetation cover, elevation and presence
of human disturbance which all could contribute to its vulnerability but are often mixed
up. The derived classifications of reef islands indicated that vegetated reef islands are
more common for Sabah (31 islands) compared to the bare sandy reef islands (13
islands). However, only about 37% of these islands have dense vegetation cover
indicating majority of the reef islands are naturally less stable. 60% of the total reef
islands have some sort of development at various levels inferring presence of human
disturbance which is highly likely to increase in the future to increase of population and
tourist demand. Currently, five of these islands are identified as having high level of
developments whilst about 50% have low and moderate development.
Various use of this classification is anticipated especially at regional and local scale such
as; i) input for planning suitable management and conservation measures based on
different island sensitivity, ii) foundation for further in-depth studies of island diversity,
iii) applied in spatial assessments of island vulnerability pertaining to change in
environmental boundary conditions such as climate change. In addition, this general
classification of reef islands of Sabah provides a basis to assess in detail the stability of
the key islands of concern especially where human disturbance is extensive as shown on
several islands at the east coast.
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From this desk-based mapping exercise, one of the factors contributing to complications
in identifying the accurate locations of islands is caused by the “unnamed” islands, as it
was almost impossible to cross-check with other data sources to obtain information on
island’s locality and characteristics. Therefore, it is suggested that these “unnamed”
islands of Sabah will be given formal names, so that proper and accurate records of
these islands can be made for ease of management and future monitoring purposes.
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MONITORING CHANGE BASED ON VARIOUS
SHORELINE DEFINITIONS: A CASE STUDY AT NORTH
KEELING ISLAND OF COCOS KEELING ISLANDS

Introduction
Reef islands are composed of largely unconsolidated sediments of calcareous sands and
gravels that accumulate on the rim of atolls and other reef platforms (Kench, McLean &
Nichol 2005; Dawson & Smithers 2014). Reef islands can be classified into sand cays
and shingle cays (motu), depending on their morphology, sediment characteristics and
vegetation (Stoddart & Steers 1977). Many reef islands play important socioeconomic
and ecological roles, such as providing areas for human settlements as in the Pacific and
Indian Oceans (Woodroffe 2008; Webb & Kench 2010), and underpinning tourism
revenue generated from activities such as fishing and resorts for many small island
nations (Nunn et al. 2015b). Reef islands are perceived to be vulnerable to changing
environmental conditions, particularly climate change and its associated impacts, such
as the increased frequency and intensity of storms and sea-level rise (Church, White &
Hunter 2006; Biribo & Woodroffe 2013). This vulnerability arises because they are lowlying, small in size and have sediments that are easily mobilised and reworked by waves
and currents.
One of the great concerns of climate change is the loss of land area on reef islands due
to erosion and inundation as a result of sea-level rise (SLR), especially in highly populated
areas (Woodroffe 2008). Assessments of reef island vulnerability often incorporate
measurements of shoreline change over time. Despite limitations such as image quality
and accuracies associated with older data, many studies acknowledge that historical data
such as aerial photographs, topographical surveys and maps are valuable information
for reef island studies. This is because they provide baseline information on past
shoreline configurations against which changes can be monitored to provide insight on
past reef island dynamics (Ford 2013; Hamylton & Puotinen 2015). Historical aerial
photographs allow monitoring of shoreline changes for a longer period compared to more
recent remote sensing satellite data; providing information that is not captured by
modern technology.
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Digital Shoreline Analysis System (DSAS) is a tool commonly used to determine the
distance of digitised shoreline proxies along transects cast perpendicular to a baseline to
compute shoreline change (Thieler et al. 2009). (Boak & Turner 2005) review examples
of shoreline proxies from numerous studies, which suggest that edge of vegetation line,
base of beach and the high water line are discernible features that can be detected in
aerial photographs. Most studies of reef island change that incorporate aerial
photographs usually adopt edge of vegetation line as shoreline proxy because it is easier
to identify compared to other geomorphological features (Ford 2013; Kench et al. 2015).
Biribo and Woodroffe (2013) in their study on reef islands of Tarawa Atoll, Kiribati
suggested that base of the beach is also a good shoreline proxy as it is a prominent line
that can easily be detected along the oceanward shore in aerial photographs.
A key issue for the selection of shoreline proxies in change analysis is the question of
whether or not the proxies selected represent the actual shoreline position. Do
movements in vegetation lines actually correspond well with movements of the adjacent
beach areas over time? Ford (2012) noted that changes in beach area may not
necessarily influence vegetation position. This calls into question the whole basis for
using aerial photographs and remote sensing information for monitoring reef island
changes. Here, we evaluate the implications of applying different definitions of the
shoreline when using historical aerial photographs to assess island shoreline change over
time. We compare estimates of shoreline change using the edge of vegetation line and
base of beach as shoreline proxies of North Keeling Island for 1987 and 2011 (24 years).

Background
North Keeling Island (a.k.a. Pulu Keeling) is part of the Cocos (Keeling) Islands group
that are located in the East Indian Ocean. North Keeling Island is an uninhabited island
of about 2.1 km long and 1.3 km wide that is located 26 km north of the main Cocos
Atoll (South Keeling Islands) (Woodroffe & Berry 1994). The island has an average tidal
range of 1.1 m and is influenced by dominant wind from the southeast tradewinds
throughout the year, while El-Nìno periods bring light winds from the northeast direction
(Woodroffe 2011). It is a semi-crescentic, densely vegetated reef island resembling a
small atoll with swampy lagoon (Woodroffe & McLean 1994a). The dominant vegetation
types on this island are Pisonia grandis and Cocos nucifera forest, Heliotropium

foertherianum shrublands, Pemphis acidula thickets and open grassy areas (Director of
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National Parks 2015). Sediment varies from sand in the north to coarser coral rubble to
the south and radiocarbon dates on corals suggest that the island developed more than
3000 years B.P. (Woodroffe & McLean 1994). Outcrops of coral conglomerate and rubble
ridges are common features found especially at the southern and eastern shores. Reef
crest is present round the island except at the northwestern corner. A channel provides
an entrance to the lagoon on the eastern, windward side of the island, which has
undergone significant sedimentation in the past two decades. A detailed map produced
by Woodroffe & McLean (1994) showing the vegetation distribution and island features
drawn from a 1987 aerial photo of North Keeling Island is provided in Figure 3.1 below.
North Keeling was declared a National Park in 1995 due to the unique and pristine state
of its flora and fauna and is administered by Parks Australia (Director of National Parks
2015).

Figure 3.1: North Keeling Island, mapped from 1987 aerial photography (Source: Woodroffe &
McLean 1994).
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Methods
Coloured vertical aerial photographs of North Keeling Island from 1987 and 2011
provided by Geoscience Australia were used in shoreline change assessment for this
study as outlined in Figure 3.2. Both aerial photographs were independently
georeferenced in ArcMap (ArcGIS 10.2) to the WGS 1984 UTM Zone 47S projected
coordinate system using thirteen ground control points for permanent features such as
beachrock, conglomerate platforms and reef patches that were extracted from Google
Earth (version 2013). Images were transformed using the second order polynomial
transformation in ArcMap, with both images having an associated RMSE <1 m.
1987 Aerial Photo

2011 Aerial Photo

1) Independently georeferenced using spatial information from
Google Earth.
- Collect Ground Control Points (GCP) from permanent features (e.g.
beachrock, reef patches)
- Evaluate positional error (< 1m)
- Apply polynomial projection
- Both datasets independently georeferenced to UTM WGS 1984 UTM
Zone 47S

2) Shoreline Change Assessment
- Manually digitise edge of vegetation line (EVL) and base of beach (BB)
as shoreline proxies for both datasets in ArcMap (ArcGIS 10.2).
- Shorelines of different periods for the same proxy appended to a single
layer for DSAS change analysis: separate layers for EVL and BB
shorelines.
- Set/edit default parameters in DSAS tool.
- Create offshore baseline and user defined transects of 50 m intervals
and 300 m length; the same baseline and transects were used for
calculating shoreline change of EVL and BB.
- DSAS calculated Net Shoreline Movement (NSM) for EVL and BB
separately.

3) Comparison of EVL and BB change assessment
-

Plot of change generated from EVL vs. BB
Visual comparison of outliers (magnitude, geographic distribution)
Digitised shoreline converted to polygons to calculate island surface
area

Figure 3.2: Methods used in assessing shoreline change using EVL and BB as shoreline proxies.
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The edge of vegetation line (EVL) and base of beach (BB) were selected as shoreline
proxies in this study as both are visibly distinctive shoreline features in the datasets. EVL
is indicated by the seaward edge of vegetation which is generally distinct due to the
colour contrast between vegetation and beach sediment, particularly where dense
vegetation is present. This study adopts the BB shoreline as suggested by Biribo and
Woodroffe (2013), which is where the edge of beach sand meets the solid reef flat and
can be indicated by the sudden change in substrate and beach slope. Shorelines were
visually interpreted and manually digitised by a single operator at a fixed scale (1:1000)
within ArcMap. Digitised shorelines were used to analyse changes in shoreline positions.
Shoreline proxies for the two periods were incorporated into DSAS for shoreline change
analysis based on the methods by Thieler et al. (2009). DSAS offers various statistical
measurements of shoreline change but only Net Shoreline Movement (NSM) was used
for this study. NSM calculates the distance between oldest and youngest shoreline. To
compare the shoreline change rate between EVL and BB, an offshore baseline was
created and transects were cast at intervals of 50 m around the island using the DSAS
tool. Transects length was set to 300 m to allow intersections with all shorelines for
shoreline change calculation. NSM was calculated separately for each shoreline proxy,
by using the same user-defined baseline and transects to allow for comparison between
shoreline changes measured using EVL and BB for each transect. 139 transects were
cast around North Keeling Island and shoreline change rates for each transects were
calculated using DSAS, as outlined in Figure 3.2.

Results
Analysis of reef island shoreline changes during the period 1987-2011 for North Keeling
Island reveals that overall there is a weak correlation between rate of shoreline change
indicated by edge of vegetation line (EVL) and base of beach (BB) (Figure 3.3). Results
show that there is correlation when there is accumulation and vegetation line is slowly
advancing as the BB accretes with a succession of littoral plants. Conversely, it is
apparent that there is no correlation between BB and EVL when erosion occurs.
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Figure 3.3: Shoreline change rates for each transect compared between EVL and BB based on
NSM rates.

There is no overall trend because there is variability around the island periphery. Net
Shoreline Movement (NSM) values calculated for each transects around North Keeling
Island ranged between -62.2 to +23.64 m and -48.24 to +42.13 m for EVL and BB
respectively (Figure 3.4). When using EVL as shoreline proxy, 60% of the transects
indicated areas of erosion compared to the BB, where only 47% of the transects had
negative values of NSM. This implies that between the years 1987 to 2011, the
vegetation line underwent more erosion than accretion. The total planform island area
measured using EVL in 1987 was 2.066 km2 and decreased to 2.059 km2 in 2011. On
the other hand, shoreline change analysis using the BB in this study showed that 53%
of the transects had positive NSM values indicating that the number of locations accreting
was slightly higher compared to eroding areas. Island area measured using the BB
increased from 2.194 km2 in 1987 to 2.197 km2 in 2011.
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Figure 3.4: Shoreline changes around North Keeling Island (1987 to 2011) measured from both
the EVL and BB shoreline, showing rates of change based on NSM. The circles mark some areas
of substantial differences in shoreline changes measured between EVL and BB (Dashed line
circles: examples of inverse relationship of accretion/erosion measured from the different
shoreline proxies; Solid line circles: examples of direct relationship of accretion/erosion but with
substantial difference in rate of change measured from the different shoreline proxies).

This study identifies four main types of deviation of shoreline change around North
Keeling Island based on comparison between NSM measurements calculated using EVL
and BB shoreline proxies (Figures 3.4 and 3.5). These four types represent inverse and
direct relationships of shoreline behaviours between the EVL and BB and are described
as follows:
Group 1: Inverse relationship; where EVL showed accretion while the BB indicated
erosion as observed at northeast part of the island.
Group 2: Direct relationship; where both EVL and BB eroded but erosion of EVL is
substantially greater than that of BB as observed near the lagoonal entrance, southeast
of the island.
Group 3: Direct relationship; where both EVL and BB eroded but erosion of BB is
substantially greater than that of EVL as observed at the northwest of the island.
Group 4: Inverse relationship; where BB showed accretion while EVL indicated erosion
as observed at the northern part of the island.
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Although areas of Group 3 and 4 are situated next to each other at the northern part of
the island (Figure 3.5), the behaviour of their BB shorelines was totally opposite. BB
shorelines of Group 3 indicate erosion and conversely in Group 4, the BB indicated
shoreline accretion. Areas where sediments are coarser and cemented features are
present, such as beachrock and outcrops of conglomerate platforms as described by
Woodroffe and McLean (1994) especially at the southern part of the island, showed
smaller range of deviation between the shoreline proxies.

Figure 3.5: Aerial photo of North Keeling 2011 with digitised shorelines of EVL and BB for 1987
and 2011. Insets show Group 1 to 4; the areas where substantial shoreline differences between
EVL and BB occurred (as depicted in Figure 3.4).
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Discussion
This study presents the findings of two assessments of reef island change that adopt
different shoreline proxies derived from aerial photographs. There appears to be little
correspondence in movements of EVL and BB shorelines, suggesting that the processes
that influence EVL differ from those that influence BB. Some possible explanations for
the difference in shoreline behaviour could be attributed to the presence of different
vegetation and geomorphic features, giving rise to different geomorphological processes
around the island.
There is evidence that the geomorphic variations around reef islands can also result in
different morphological responses around reef islands (Aston 1995) which can be
influenced by various processes such as wind and wave action. We suggest that
substantial BB shoreline change observed at the northern shores of North Keeling could
be attributed to the much finer grain size that is easier to be mobilised by waves and
currents compared to the coarser sediment accumulated at the southern area. The
waves generated from the windward, south direction, could potentially refract around
the island and deposit the finer sands on the leeward (northern) facing shorelines,
consequently producing a larger beach area as observed for the Group 4 shoreline
change. Substantial BB shoreline recession at the northwestern area (Group 3) also
suggests that this is an erosion area, which could potentially act as a sediment source
to the neighbouring Group 4 beach. Continuous supply of sediment to the northern part
of the island will favour beach accretion, although EVL undergoes erosion. Therefore,
we are not able to find correlation between BB recession and EVL recession. Moreover,
the elevation of the beach might decrease as a result of erosion but the BB shoreline
might move towards the sea as a result of sediment addition from the eroded upper
beach. However, current study is not able to estimate changes in elevation.
Over time, accumulation of sediment to the nearshore areas could favour seaward EVL
accretion as it provides area for natural plant-cover succession to take place. Areas that
have coarser sediment particles or have cemented structures such as rubble ridges and
beachrock at the south and eastern shores denote similar trend of shoreline change
between EVL and BB. Shoreline changes at these areas are more representative of a
long term transition towards erosion and accretion states, instead of temporary or cyclic
localised fluctuations that differ at other parts of the island. Temporary shoreline changes
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could be determined by more comprehensive study incorporating analysis of more
shoreline records over time as suggested by (Ford 2013).
Our results reveal that changes in shoreline of a vegetated reef island using EVL and BB
as shoreline proxies generated differing results. This is consistent with findings of Biribo
and Woodroffe (2013), where more transects cast using EVL at the lagoon shore
indicated accretion compared to the transects using BB. They further suggested that BB
would be a better indicator of shoreline as it captures the footprint of the island
compared to the EVL but the difficulties in distinguishing the BB for certain locations may
influence the accuracy of the results. Kench et al. (2015) adopted the EVL as the
shoreline proxy to assess the reef islands of Funafuti Atoll in which 15 out of 29 islands
indicate island area accretion over a period of more than 100 years. If BB were chosen
as a shoreline proxy instead, the results would most likely be different because the
studied reef islands varied in size and sediment composition. Differing behaviours of
shoreline proxies were also observed by Hanslow (2007) for McMasters Beach, New
South Wales where EVL and high water mark showed different changes.
Understanding the different processes that influence different types of shoreline is
important for the selection of suitable shoreline proxies for assessing reef island change
to yield results that represent actual shoreline movements. Considerable care is needed
when choosing shoreline proxies as changes could be attributed to natural oscillation of
the beach or episodic events that could mask actual island accretion or erosion. A more
comprehensive study incorporating field data such as elevation to quantify island volume
can further verify whether the change in planform area is caused by additional input of
sediments from the surrounding reef or is merely a characteristic of island dynamism
undergoing natural cyclic processes.
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Conclusions
The following conclusions can be drawn from the present study: i) shoreline change
assessment for North Keeling island adopting edge of vegetation line as shoreline proxy
indicated erosion of island planform area and, conversely, the assessment that adopted
base of beach as a proxy indicated accretion, ii) shorelines exhibit various responses to
coastal processes based on their geomorphological characteristics.
Results of assessments of shoreline change for a reef island are dependent on what
shoreline indicator is selected. Deviation of shoreline changes likely occurred because
the coastal processes influencing BB are different to the processes influencing EVL. BB
shoreline represents a reef island in terms of sediment source and supply whilst EVL
reflects the natural plant-cover succession. Careful interpretation of reef island change
using BB shoreline is pivotal in order to distinguish temporary from long term changes.
Our results also challenge the idea that reef island change is represented by changes in
EVL as adopted in many studies. There is little evidence to support the idea that changes
in natural plant-cover succession reflect actual island change. It is also important to note
the uncertainties that arise when using shoreline proxies extracted from aerial
photographs which is generally visually bias and could be reduced by conducting field
groundtruthing. This study suggests that a more holistic measure of shoreline change
might account for the numerous processes that underpin shoreline movements including
the geographic variation that these might exhibit with local environmental features
around an island periphery.
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EVALUATING DIGITAL METHODS FOR
SHORELINE CHANGE ANALYSIS: A CASE STUDY FOR
SIPADAN AND MABUL ISLANDS (SABAH, MALAYSIA)

Introduction
One of the great concerns of climate change is the erosion and inundation of reef islands
as a result of sea-level rise (SLR), especially in highly populated areas (Woodroffe 2008;
Webb & Kench 2010). Reef islands are dynamic landforms as their shape, size and
position on reef platforms are influenced by various coastal processes. These include
waves, wind and currents and changes to environmental boundary conditions such as
sea-level rise (Woodroffe 2008). As reef islands are made up of mostly calcium carbonate
sand generated from the surrounding reef ecosystem, factors that affect the health of
these biological communities such as ocean acidification, changes in sea level and
temperature can reduce sediment production and consequently limit sediment supply to
reef islands (Yamano, Kayanne & Chikamori 2005; Hamylton et al. 2016). Reduced
sediment supply to the islands can cause shoreline retreat, which can be exacerbated by
increases in sea level (Kench & Cowell 2002). Moreover, human activities such as the
development of housing and tourism infrastructure can exacerbate the rate of shoreline
change by modifying the natural sediment transport around an island (Ford 2012; Biribo
& Woodroffe 2013).
All these factors that influence shoreline change together with the nature of reef islands
that are often low-lying, small in size and made up of mostly unconsolidated carbonate
sands and gravels, often underpin the wide perception that reef islands are highly
vulnerable to climate change especially sea-level rise (McLean & Kench 2015). However,
this assumption has been debated by recent studies of shoreline change analysis within
atoll settings where findings suggest that atoll islands are able to persist through rising
sea in the past (Biribo & Woodroffe 2013; Ford 2013; Yates et al. 2013; Ford & Kench
2015; Kench et al. 2015). Similarly, there are limited but on-going studies on reef islands
of non-atoll settings which also indicate that sea-level rise alone is not the main factor
contributing to island change (Flood 1986; Houser et al. 2014; Testut et al. 2015; Albert
et al. 2016).
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Shorelines of reef islands are shown to be spatially and temporally dynamic and these
changes are driven by various environmental and anthropogenic factors (Mann &
Westphal 2014). Although there is general agreement that reef islands are highly
dynamic, it is important to note that local environmental conditions vary between island
types and locations (Forbes et al. 2013; Ford & Kench 2015; Hamylton & Puotinen 2015;
Nunn, Kohler & Kumar 2017). Up to now, most studies on shoreline change have focused
on reef islands in atoll settings within the central Pacific Ocean and Indian Ocean. Other
types of reef islands, particularly those in the Indo-Pacific region, are still underresearched.
Changes in shorelines can indicate temporary or permanent alteration of reef island area.
Distinguishing temporary from permanent change requires higher temporal data
frequency to capture short-term shoreline variability. However, this has been difficult to
achieve in the past where collection of information on shorelines was done manually
through field-based surveys or via aerial photography. Historical datasets of reef islands
are often coupled with other remote sensing datasets such as satellite imagery to assess
shoreline changes over time (Ford & Kench 2014; Mann & Westphal 2014; Ford & Kench
2015). Shorelines are manually digitised from remote sensing data typically by visual
interpretation into a vector and further analysed using GIS software. Remote sensing
based assessments of shoreline changes that adopt this approach are becoming recently
more evident, especially within atoll settings (Kench & Brander 2006a; Ford 2012; Biribo
& Woodroffe 2013; Ford 2013; Yates et al. 2013; Kench et al. 2015; McLean & Kench
2015; Mann & Westphal 2016; Duvat & Pillet 2017; Duvat, Salvat & Salmon 2017).
Therefore this study provides quantitative insights on shoreline behaviour of reef islands
of non-atoll settings, in a region where shoreline changes are influenced by tropical
seasonal monsoons, that is still largely understudied.

Calculating rate of shoreline change
Assessments of reef island vulnerability to environmental changes often incorporate
measurements of shoreline change over time. These assessments draw on maps and
remote sensing datasets as sources of information on the historic distribution of
shorelines. In most instances, they seek to quantify planimetric area and, less commonly,
they assess three-dimensional volumetric changes of reef islands. Evaluations of island
change invoke a series of decisions on the part of the analyst, which warrant attention.
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Starting from data acquisition and preparation until the selection of a particular tool or
method to quantify change, the decisions undertaken are subjective and therefore
worthy of critical evaluation. The issues that arise from using older datasets such as
historical maps and aerial photos in shoreline mapping are discussed in Moore (2000)
which are often related to the accuracy of the survey methods to create the maps (e.g.
quality of ground control points, sketching between surveyed points), the quality of the
map itself which could shrink and stretch over time, and inaccuracies that rise due to the
distortion of aerial photos. The uncertainties associated with data preparation and
digitising of shorelines are described by Ford (2013). Errors that are commonly
incorporated into shoreline assessments of reef islands are related to georeferencing,
digitising and image resolution which consequently contribute to the final quantification
of island change (Ford 2013).
Reef island changes have been assessed through various methods such as change in
shoreline positions (Kench & Brander 2006a; Biribo & Woodroffe 2013; Ford 2013), width
of beach area (Beetham & Kench 2014), size (Yates et al. 2013) and volume (Dawson &
Smithers 2010; Hamylton & Puotinen 2015), change in island shape (Flood 1974) and
position (Houser et al. 2014; Testut et al. 2015). Digital Shoreline Analysis System
(DSAS) is an extension of the GIS software ArcGIS. It is a tool specifically designed for
calculating rates of shoreline change over time. The DSAS method to assess shoreline
changes has been similarly adopted for reef island studies in the Pacific Ocean (Ford
2012; Biribo & Woodroffe 2013; Ford 2013; Ford & Kench 2015; Kench et al. 2015; Mann
& Westphal 2016) and Indian Ocean (Beetham & Kench 2014; Adnan, Hamylton &
Woodroffe 2016). DSAS is commonly used to determine the distance of digitised
shoreline proxies that intersect with measurement transects that have been cast
perpendicular from a user-defined baseline to compute shoreline change rate over time
(Thieler et al. 2009).
DSAS is able to compute a range of shoreline change metrics, including Net Shoreline
Movement (distance of change between the oldest and latest shoreline) and the End
Point Rate which is the average yearly change. It does this by using the distance of
intersection points between each transects and shorelines that intersect around the
island. However, there is a need to evaluate the application of DSAS for the analysis of
reef island change as this method is a subjective procedure in which multiple decisions
are made by the analyst that warrant attention.
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Aims and objectives
To date, there are very few studies that have been undertaken with regards to reef
island change in Malaysia, particularly in Sabah, in spite of increasing studies within the
Pacific Ocean on atoll reef islands. Research on reef islands have focused on assessing
shoreline changes which can provide important information on whether islands have
grown or reduced in size, shift in position and shape, change in vegetation type and
cover or even geomorphic features and thus, indicate the susceptibility of such islands
with regards to changing environmental conditions. Therefore, this chapter aims to
assess the variability of reef island change over time for Sipadan and Mabul islands
located at the east coast of Sabah, Malaysia using multi-temporal remote sensing
datasets. Both of these islands represent vegetated reef islands of non-atoll settings in
which the former is a semi-protected island and the latter is largely affected by
anthropogenic activities. In addition, reef islands of North Borneo, particularly along the
east coast of Sabah, Malaysia are subject to seasonal oscillations, thus, providing an
opportunity to understand dynamics of reef islands in relation to the Northeast monsoon
and Southwest monsoon. This furthermore will provide insights on how reef islands of
non-atoll settings are changing over time and factors underpinning these changes.
Several objectives are defined to achieve the aim of this chapter and are listed as below;
1. To assess temporal shoreline changes using the Digital Shoreline Analysis System
(DSAS) to quantify island change by employing different shoreline proxies,
namely the Edge of Vegetation Line (EVL) and Base of Beach (BB).
2. To compare the seasonal influence on shoreline positions for both islands.
3. To assess the likely factors that govern the changes of reef island shorelines.

Study site
Sabah is a state of Malaysia located at the northern part of Borneo which is surrounded
by the South China Sea at the west and north coast, Sulu Sea at the northeast coast and
Celebes sea at the southeast coast (Figure 4.1). The Celebes Sea Basin is relatively deep,
having a depth of 4-5 km which is confined between the boundaries formed by the Sulu
archipelago ridge and the Sangihe ridge (Murauchi et al. 1973; Rangin & Silver 1990).
Within this basin exist small seamounts and trough that could reach 5.3-5.7 km in depth
(Krause 1966; Murauchi et al. 1973). At the western margin of the Celebes Sea lies the
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Semporna reef complex where high concentration of reefs is found, which consequently
provide platforms for the establishment of reef islands.
The marine area of Semporna District located at the east coast of Sabah, is a popular
tourist location especially for divers as it harbours amongst the highest marine
biodiversity within the Coral Triangle area (Waheed & Hoeksema 2013) which comprise
five other neighbouring countries; Indonesia, Papua New Guinea, the Philippines,
Solomon Islands and Timor-Leste (Cros et al. 2014). This could be attributed to the
various reef types that provide diversity in habitat and consequently in species richness
through its reef ecosystems (Wood 1981; Waheed & Hoeksema 2013). These varying
reefs as described in Waheed & Hoeksema (2013) comprise lagoonal reefs inside a protoatoll, fringing reefs, continental patch reefs, a barrier reef and a reef capping an oceanic
island. These reefs provide platforms for the development of reef islands such as Sipadan
and Mabul Islands (Figure 4.1 and 4.2). The islands around Semporna waters are
influenced by mixed semi-diurnal tides which range between 1.2-2.0 m (Wood 1987a).

Figure 4.1: Map showing locations of Sipadan and Mabul Islands of Sabah, Malaysia at North
Borneo. a) Inset map showing the position of study sites relative to the locations of Australia and
Indonesia and red box encloses Sabah region. b) The location of Sipadan and Mabul Islands on
the east coast of Sabah.
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Figure 4.2: Sipadan and Mabul Islands. Satellite images of a) Sipadan Island (Worldview-2 2010)
and b) Mabul Island (Worldview-2 2015) showing the extent of the reef flat area (Source: Digital
Globe). Detailed land cover on Sipadan and Mabul islands are shown in maps c) and d)
respectively.

Sipadan Island
Sipadan Island is one of many vegetated reef islands located within Semporna waters
and is approximately 40 km away from Semporna town. This elongated island is
approximately 0.2 km2 (20 ha). However, an earlier report states that the island size to
be of 0.123 km2 (UKM 1990). It is the only oceanic island in Malaysia, developed on top
of an extinct single volcanic seamount with a limestone cap and is separated from the
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continental shelf by a seabed that is more than 500 m in depth (Wood 1987b; Mortimer
1991; Wood et al. 1993; Ong 1999).
The geomorphology of Sipadan island’s reef was described in earlier monitoring projects
conducted by the World Wide Foundation as reported in Wood (1987a); Wood & Tan
(1987); Wood et al. (1993); Wood et al. (1997) as well as other survey reports by UKM
(1990) and LESTARI (2006). The reef flat is at it’s narrowest on the north to northwest
of the island and widest on the south. Some parts of the western reef flat are exposed
during low tide and episodes of low low tides expose coral heads along the eastern to
southern reef flat. Presence of cemented beach sandstone and beachrock near the east
coast of the island were also reported on Sipadan Island (Wood 1987b; LESTARI 2006).
To date, studies on reef islands in Sabah have focused on the biological aspects of the
underwater coral reef itself particularly with regards to the marine biodiversity but pay
little attention to the geomorphology of the landforms that have developed on top of the
reefs. The only available general report that describes the terrestrial flora and fauna such
as the turtles, birds and plants all together was done by UKM (1990) and LESTARI
(2006). It is reported that primary forest still occurs on the island (Mortimer 1991;
LESTARI 2006) and at least 60 species of plants grow on this small island (UKM 1990).
Results of these older surveys provide valuable historical information of Sipadan Island
but unfortunately, most of these reports produce maps that lack spatial precision and as
a result could not be used as an accurate comparison related to this study.
Prior to becoming a popular tourist destination, Sipadan Island was initially declared as
a bird sanctuary in 1933 specifically for the protection of the Nicobar pigeon (Wood
1981). Human disturbance on Sipadan Island was minimal until the mid-1980s except
for dynamite fishing and turtle poaching by local hunters (Alin, Primus & Razli 2006).
The establishment of Borneo Divers, which was the first tourism based accommodation
on Sipadan Island, has led to the growth of diving and tourism activities locally. As a
result, more similar establishments followed suit to cater for the increasing number of
divers and tourists. The impact of this is noticeable as certain locations have undergone
clearing of vegetation as observed at the northern and eastern parts of the island. Later,
in 1989 the Sabah Wildlife Department began to manage and conserve the turtles on
the island as it is habitat for several endangered species such as the Green turtle
(Chelonia mydas) and Hawksbill turtles (Eretmochelys imbricata). These turtles are
reported to prefer the beach area that is well shaded by low overhanging branches of
shoreline vegetation at the east and west side of the island for nesting which the peak
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season is estimated to be from July to December (UKM 1990; Mortimer 1991) and 147
Green turtles were observed in a study conducted from August till December 2010
(Tinsung et al. 2011). Although several papers state that the number or turtles on
Sipadan island is declining (Musa 2002; Alin, Primus & Razli 2006), the actual number of
this reptile that nests on this island is still uncertain due to the lack of continuous surveys.
Currently, Sipadan island is under the management and protection of Sabah Parks for its
terrestrial-marine biodiversity in which the reef ecosystem has been acknowledged to be
the best in Malaysia (Chou 2000). In 2004, Sipadan Island was gazetted as a Marine
Park where all accommodation facilities were ordered to be demolished and resort
operations relocated to other islands in an effort to protect its pristine nature that is
affected by human activities but diving activities were still permissible only with permits.
As security is a concern due to the proximity of Sipadan island to the territorial
boundaries of Philippines and Indonesia, the waters around Sipadan Island are currently
under the protection of National Security Council Malaysia (Choo, Kassem & Sumampouw
2012).

Mabul Island
Mabul Island is located approximately 25 km from Semporna town and 14 km to the
North from Sipadan Island. It is a similarly shaped vegetated reef island that has
undergone greater levels of infrastructure development to support the tourism industry.
Mabul Island’s popularity soared due to its proximity to Sipadan Island following the
prohibition of resort infrastructures on Sipadan Island in 2004 for the purpose of
protecting the island’s biodiversity from human activities (Alin, Primus & Razli 2006).
Consequently, many buildings such as resorts and backpacker accommodation have
been established on this small island (Ali 2010). Unlike Sipadan, this 0.26 km2 island is
inhabited by local villagers whose main livelihood depends on the fisheries resources
around the island and, more recently, from the job opportunities provided through the
tourism sector based on the island (Ali 2010; Aw 2013). Despite the boost in economic
income to Sabah and local communities, the environmental impacts of tourism activities
here are a concern as there is proof that it is threatening the natural ecosystem which if
remedial actions are not taken soon, will further deteriorate the reef ecosystem in situ
and ex situ. Impacts include pollution, over pumping of underground water, clearance
of natural vegetation, damage to reef due to construction of infrastructures and diving
activities (Choo, Kassem & Sumampouw 2012). To cater to the increasing number of
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visitors to the island, resort and back packer operators have expanded their building
structures seawards on the reef flats because the available land area is limited. Realising
the impact of tourism towards the health of the reef, several efforts to educate and
involve local communities and resort operators on managing and protecting the island
have been carried out by various stakeholders (Aw 2013). It is apparent from the remote
sensing images that development on Mabul Island has significantly increased from 1998
to 2015 (these images are displayed in Appendix A.2.).

Weather and climate
Sabah is located within the tropical equatorial region that is influenced by the Northeast
(NEM) and Southwest monsoons (SWM), known as the wet and dry season respectively.
Most parts of Sabah experience the wet season during the Northeast monsoon which
brings more rainfall more commonly from November until March (Malaysian
Meteorological Department 2016). Conversely, the dry season of less rainfall usually
occurs during the Southwest monsoon period from April to November. However, the
starting and ending of a monsoon period varies as reflected in various literatures
(Defense Mapping Agency 1994; Desa, Noriah & Rakhecha 2001; Jakobsen et al. 2007;
Saleh et al. 2010; Saad 2012; Waheed & Hoeksema 2013). For the purpose of this study,
based on information from various literature and data from the Malaysian Meteorological
Department, the NEM period is considered to be from end of October to early May and
SWM is between the end of May to end of October. February is the hottest month as dry
winds are prevalent from the Pacific Ocean. During the inter monsoons transition periods
(ITM), variable wind patterns and rainfall are observed (Wood 1994).
The beginning and ending of a monsoon can vary due to the variation in wind stress
(Saleh et al. 2010) which can be attributed to the change in atmospheric pressure at
other locations (Wang, Wu & Li 2003). As a result, the characteristics of the currents and
waves during these monsoons can differ. Wind blowing from the northeast direction
during the NEM brings cooler currents from the South China Sea towards the east coast
of Sabah. The dominant wind direction for the Semporna reef complex area is from the
South (Waheed & Hoeksema 2013). This may be the reason that the islands of south of
Semporna reef complex tend to be developed towards the northwest margins of their
reef platforms as observed for Sipadan and Mabul Islands. During the SWM, warmer
wind is blown from the southeast direction from the Pacific.
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Methodology
The methodological framework for assessing shoreline changes for Sipadan and Mabul
islands via DSAS can be divided into three main parts as outlined in Figure 4.3. These
are:
1) Data procurement and pre-processing,
2) Shoreline definition, and
3) Shoreline change assessments.

Figure 4.3: Methodological framework for shoreline change analysis using DSAS for Sipadan and
Mabul islands.
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Image procurement and pre-processing
Older aerial photographs and maps are usually of lower quality but are important
datasets for assessments of reef island change as they allow monitoring of shoreline
changes over longer periods in comparison to the more recent remote sensing images
(Ford 2013; Yates et al. 2013). Black and white as well as coloured historical aerial
photos were used for the shoreline change analysis and this was complemented with
more recent satellite images (See Table 4.1 for further details). The aerial photos of
Sipadan and Mabul Islands were obtained from the Department of Survey and Mapping
Malaysia (JUPEM) and Land and Survey Department of Sabah whilst the high resolution
multispectral and panchromatic satellite imagery (namely QuickBird, Worldview-1 and
Worldview-2) were provided by Digital Globe Foundation. Images were acquired during
different monsoons representing an overall time frame of 32 year period for Sipadan
Island and 17 year period for Mabul Island.
Table 4.1: Details on imagery utilised in this study to derive shoreline proxies. *AP= Aerial
photograph, QB= QuickBird, WV1= WorldView-1, WV2= WorldView-2, BW= Black and White, P=
Panchromatic, C= Coloured, 3BP= three bands pan-sharpened, Panch= Panchromatic, NEM=
Northeast monsoon, SWM= Southwest monsoon, ITM= Inter monsoon. These images are
displayed in Appendix A.
Site

Acquisition
Date

Image
Type

Imaging
Bands

Focal
Length

Altitude

Resolution
(m)

Monsoon

Sipadan Is.

31 Oct1 978

AP

BW

3.5

7000 ASL

0.39

NEM

22 Sept 1982

AP

BW

88mm

2000 ASL

0.14

SWM

29 Oct 1985

AP

BW

151.88mm

3000 ASL

0.6

NEM

05 Mar 2003

QB

3BP

8.8 m

450 km

0.6

NEM

09 Sept 2006

QB

3BP

8.8 m

450 km

0.6

SWM

15 Dec 2009

WV2

3BP

13.3 m

767 km

0.5

NEM

14 May 2010

WV1

P

8.8

496 km

0.5

ITM

27 Aug 2010

WV2

3BP

13.3 m

767 km

0.5

SWM

24 Sept 1998

AP

C

1.2

SWM

9 Sept 2006

QB

3BP

8.8 m

450 km

0.6

SWM

14 June 2008

WV1

P

8.8

496 km

0.5

SWM

11 June 2009

QB

3BP

8.8 m

450 km

0.6

SWM

15 Dec 2009

WV2

3BP

13.3 m

767 km

0.5

NEM

14 May 2010

WV1

P

8.8

496 km

0.5

ITM

27 Aug 2010

WV2

3BP

13.3 m

767 km

0.5

SWM

10 Jan 2013

WV2

3BP

13.3 m

767 km

0.5

NEM

11 Apr 2015

WV1

P

8.8

496 km

0.5

NEM

26 Dec 2015

WV2

3BP

13.3 m

767 km

0.5

NEM

Mabul Is.
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Several pre-processing steps were conducted to allow all images to be analysed in the
same format in ArcGIS and as a measure to reduce errors that could lead to inaccuracies
in shoreline change calculations. The pre-processing measures increased the quality of
the image for visual interpretation and reduced positional errors. High positional accuracy
is important for the selection of reliable ground control points (GCPs) for georeferencing
images (Hamylton 2017b) that will be subsequently used to derive shoreline positions.
Listed below are the pre-processing steps applied to the images obtained for Mabul and
Sipadan Islands:

Scanning
QuickBird, Worldview-1 and Worldview-2 satellite images were obtained in digital format
and are ready to be used for analysis in ArcGIS. However, the aerial photos acquired
were in hardcopy format. To ensure that the older datasets could be used together with
the more recent satellite images, the aerial photos were further scanned to 600dpi using
a scanner to convert them into digital format.

Image pan-sharpening and contrast enhancement
The whole process of shoreline comparison depends on reliable visual interpretation of
shorelines and associated features such as vegetation and base of the beach. Colour and
texture are common criteria in visual analysis of remote sensing images for change
detection (Lu et al. 2004). These are used as the basis for selection and delineating the
edge of vegetation line (EVL) and base of beach (BB) shoreline proxies selected for this
study. The purpose of conducting this particular step in shoreline change assessments
is to obtain an image that could best provide the visual clarity through texture and colour
for better delineation of the different shoreline proxies (EVL and BB) and ground control
points (GCPs) on screen. Hence, visual quality is very important to minimise errors
associated with georeferencing and digitizing of shorelines for shoreline change analysis
that are commonly done through manual visual interpretation (Marfai et al. 2008; Ford
2013).
The images used in depicting shoreline changes for Sipadan and Mabul Islands were of
various types which include black and white and coloured aerial photographs,
panchromatic Worldview-1 and the multispectral Quickbird and Worldview-2 images (as
listed in the Table 4.1). To increase the reliability of visual interpretations of the images
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for Quickbird and Worldview-2, panchromatic and multispectral images obtained were
fused together in ArcMap through a process known as pan-sharpening. The resultant
new image will have the resolution of the panchromatic image and the spectral property
of the lower resolution multispectral image (Hanaizumi et al. 2008; Padwick et al. 2010).
However, it is important to note that pan-sharpening method allows the colour of the
image to be retained but on the other hand, the resolution of the image is slightly
compromised (Purkis et al. 2016). Various pan-sharpening types namely ESRI, IHS,
BROVEY, Simple Mean and Gram-Schimdt are available in ArcGIS 10.2.
Visual comparison of the various pan-sharpening types showed that island features can
be better distinguished due to enhanced colours, for example the vegetation could be
differentiated from its shadows. Shadows of overhanging trees and fallen tree trunks
can be misrepresented as actual vegetation on images and caution should be taken to
avoid including these unnecessary features when digitising shoreline proxies. It was
found that BROVEY-A pan-sharpening type produced the best fusion image followed by
Gram-Schimdt for the purpose of ease of digitising shoreline proxies and identifying
suitable GCPs in the water. The BROVEY-A pan-sharpened type was more favourable
due to several reasons:
i)

able to show clearer vegetation texture and colour

ii) shadows appear in darker colour than the live green vegetation
iii) sandy beach areas can be distinguished clearly from water
iv) features selected as ground control points (GCPs) that are located on land and
in the water can be better identified

All multispectral images of QuickBird and Worldview-2 were pan-sharpened using
BROVEY-A prior to georeferencing and further used in shoreline change analysis as
stated in Table 4.2. For black and white aerial photos, this proves to be more of a
challenge as colour/band manipulation is limited (grayscale value 0-255 for 8-bit, 065535 for 16 bit, 0-4294967295 for 32-bit such as WV1). To ease the visual interpretation
of shorelines as well as other island features especially for panchromatic images, various
histogram stretches can be applied in ArcGIS such as percent clip, minimum-maximum,
standard deviation and ESRI. This is done by manipulating the histogram to allow pixels
to be spread within a defined histogram based on their bit depth. 8-bit raster will be
stretched from 0-255 whilst a 32-bit raster such as the WV1 will be stretched from 079

65535. Various histogram stretches were trialled to delineate BB shoreline for WV1
images. This allowed better contrast between the base of beach and sea boundary.
Figure 4.4 shows the histogram stretch that was applied to the images to delineate
shoreline proxies in this study.

a)

b)

Figure 4.4: Image enhancement applied for Mabul Island Panchromatic Worldview-1 2015 image
to delineate shorelines. a) Image before applying histogram stretch appears darker b) image after
histogram stretch (min-max) where pixels that were mostly concentrated within a small range at
the lower values were stretched to enhance the beach area. The min-max stretches the tightly
grouped pixels to cover a wider range of display so a better contrast of features can be achieved.

An image histogram can be plotted to understand what it is that we are seeing within
the image and how it can be utilised to display our data in a way that makes it easier to
visualise and subsequently to qualitatively assess the data. In ArcMap, image display can
be enhanced by manipulating the brightness and contrast values as well as the stretch
type of the colours. The methods of digitising shorelines are mainly based on the
appearance of a feature to the human visual system. Hence, natural colour combinations
are often applied to the image display; allowing healthy vegetation to be displayed as
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green colour, water as green and blue depending on depth and clarity and sandy beach
to appear white. Nevertheless, the natural colour combination may not be applicable in
all situations as certain shoreline proxies may be better distinguished by other band
combinations.

Georeferencing
An important issue when using scanned datasets such as maps or photographs in spatial
analysis is that these data are without spatial reference. Aerial photos for example could
have positional errors due to distortions related to angle or tilting of camera capturing
the image (Crowell, Leatherman & Buckley 1991; Moore 2000). To reduce these
associated errors, the image will need to be aligned to a coordinate system or absolute
location in physical space through a process called georeferencing. Georeferencing is a
process to relate a point within a layer (data) to a particular location in physical space
(Hamylton 2017b). This can be performed within GIS software by assigning known
coordinates to a particular feature on the map/image or by registering the location of
the same feature to another layer that has real-world coordinates (Longley et al. 2011).
By georeferencing, positional errors can be reduced and it also adds location information
where it may be missing altogether, allowing distances and areas to be computed.
Features that have a known ground coordinate and can be clearly identified in the image
are known as ground control points (GCPs). Permanent anthropogenic features that can
be distinguished on images and are evenly distributed around the image are usually
selected as ground control points for georeferencing (Ford 2013; Yates et al. 2013; Mann
& Westphal 2014) such as buildings, road intersections, jetties and reef features.
However, the demolishment of tourist accommodation structures on Sipadan Island since
2005 has made identifying suitable anthropogenic GCPs for the more recent images quite
difficult. Hence, permanent reef features such as coral heads and beachrock were
selected as a better option for GCPs with the assumption that these features have
remained stable over the years. Natural features such as coral heads have been similarly
used by Purkis et al. (2016) as GCPs for georeferencing images used in reef island
shoreline change assessments. Vegetation such as shrubs and crawlers especially at the
edge of vegetation line adjacent to beach area are not good GCPs as they grow and
change more rapidly over time compared to the older forest trees that are considered to
be more stable. Older forest trees could also be a choice as GCPs for this island that
lacked identifiable permanent structures. To ease identification of permanent features
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as GCPs, image enhancement through colour stretching (which is described in section
4.2.1.2) was performed to allow better contrast amongst darker features as well as
brighter features.
All images for Sipadan Island were georeferenced to an independent image, which was
the high resolution panchromatic WV1 2010 satellite image by a second order polynomial
transformation and assigned the coordinate system of WGS84 UTM Zone 50N. Similarly,
images for Mabul Island were georeferenced to the panchromatic WV2 2015 image and
assigned to the same coordinate system (WGS84 UTM Zone 50N). The number of GCPs
selected for each image ranged between 20 to 37 points and the georeferencing errors
ranged between 0.01 – 0.70 m (refer to Table 4.2). The georeferencing errors for some
of the images are higher than other similar studies of island change using similar type of
imagery. This could be attributed to several reasons: i) poor resolution of older aerial
photos, ii) difficulty in locating permanent structures on land because they have been
removed from the island or modified, iii) the images utilised in this study cover the vast
reef flat area and locating GCPs in the water is more difficult than those on land due to
water clarity, and waves breaking that could reduce its visual quality (as observed at the
northern and eastern part of Mabul Island).
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Table 4.2: Summary of georeferencing information for images of Sipadan and Mabul islands and
shoreline uncertainties associated with the data pre-processing. *AP= Aerial photograph, QB=
QuickBird, WV1= WorldView-1, WV2= WorldView-2, GCP= Ground Control Points, RMSE= root
mean square error
BB
Site

Image

Sipadan
Island

AP 1978

20

0.57

AP 1982

28

AP 1985

Mabul
Island

GCP Georeferencing Resolution
(n)
(RMSE; m)
(m)

EVL

Shoreline
Digitization
(m)

Total
Error
(m)

0.39

0.93

1.16

0.70

0.14

1.05

1

25-37

0.41-0.51

0.1

0.6

0.83

0.21

0.56

QB 2003

32

0.47

0.6

0.45

0.89

0.15

0.78

QB 2006

33

0.30

0.6

0.33

0.75

0.15

0.69

WV2 2009

32

0.14

0.5

0.25

0.58

0.21

0.56

WV1 2010

36

0.24

0.5

0.33

0.65

0.10

0.56

WV2 2010

32

0.02

0.5

0.22

0.55

0.12

0.52

AP 1998

31

0.59

1.2

0.17

1.35

-

-

QB 2006

30

0.45

0.6

0.11

0.76

-

-

WV1 2008

30

0.12

0.5

0.14

0.53

-

-

QB 2009

35

0.26

0.6

0.18

0.68

-

-

WV2 2009

32

0.12

0.5

0.17

0.54

-

-

WV1 2010

32

0.11

0.5

0.18

0.54

-

-

WV2 2010

30

0.08

0.5

0.18

0.54

-

-

WV2 2013

30

0.18

0.5

0.13

0.55

-

-

WV1 2015

32

0.00

0.5

0.14

0.52

-

-

WV2 2015

30

0.01

0.5

0.14

0.52

-

-
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Shoreline
Digitization
(m)
0.23
0.14

Total
Error
(m)
0.73
0.6

Shoreline definition
Assessing reef island change using the Digital Shoreline Analysis System (DSAS)
approach in ArcGIS requires locations of shoreline proxies to be identified from the
images. Images obtained for Mabul and Sipadan Islands are in raster format and hence,
the shorelines features need to be characterised as vector data by tracing them from the
image. This process is known as digitizing. The coordinates of the features are captured
during digitizing and stored as point, line or polygon format. One of the most common
method of converting raster to vector data is called heads-up digitizing where features
are traced manually using a mouse cursor straight from the computer screen (Longley
et al. 2011). Heads-up digitising of shorelines from imagery can be a challenge as the
digitiser needs to be able to recognise and distinguish the actual pre-defined shoreline
from other coastal features. Adjacent features such as trees and tree shadows can have
the same colour, and because they are relatively close to each other, distinguishing
between these two features accurately for an unexperienced person can be visually
difficult. This is particularly the case for panchromatic and older imagery which are often
lower in resolution and do not display in true colours.
Familiarity with the actual location and additional groundtruth data can increase the
accuracy of digitised shorelines. Nonetheless, in most cases, accurately capturing digital
shorelines will rely on the quality of information stored in the image. Coloured photos or
multispectral imagery such as the Quickbird and Worldview-2 can be displayed in various
band combinations as a way of manipulating the colours to enhance certain features in
ArcGIS. For this reason, errors that arise due to digitising are included in the shoreline
rate of change calculation as described by Ford (2013). This study calculates digitising
error as the average standard deviation of repeated digitisation of shorelines at various
locations around the island periphery.
In this study, two different shoreline proxies were digitised for each image of Sipadan
Island. These are the edge of vegetation line (EVL) and base of beach (BB) to use for
the shoreline change analysis. EVL is indicated by the seaward edge of vegetation which
is generally distinct due to the colour contrast between vegetation and beach sediment,
particularly where dense vegetation is present (Boak & Turner 2005). EVL is commonly
adopted as a shoreline proxy in reef island change studies as it is can easily be identified
on the images compared to other shorelines and is an indicator of long term change
(Ford 2012; Mann, Bayliss-Smith & Westphal 2016). Accurately delineating the EVL will
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require the digitiser to carefully distinguish shadows from vegetation and this proves to
be more difficult when historical black and white aerial photo is used. Due to the difficulty
in delineating natural vegetation line for Mabul Island, EVL was not digitised and as a
result was not included in the shoreline change analysis. On Mabul Island, the natural
EVL was obstructed by anthropogenic structures around the island periphery as observed
in Figure 4.5. Therefore, this study adopted another common shoreline proxy for reef
island change studies, which is the base of the beach (BB). This is defined as the point
where the edge of beach sand meets the solid reef flat and can be indicated by the
sudden change in substrate and beach slope (Biribo & Woodroffe 2013; Mann &
Westphal 2014). BB is favourable for assessing short-term shoreline changes due to the
nature of the highly mobilised unconsolidated sand (Kench et al. 2006b; Mann &
Westphal 2014; Smithers & Hoeke 2014). Digitising the BB requires manipulation of band
combinations in order to clearly delineate the end of the beach in water. In line with
previous findings (section 4.2.1.2, page 80), the pan-sharpened image was employed,
with a minimum-maximum histogram equalisation contrast stretch, to emphasise the
base of beach and locate it for digitisation as precisely as possible. Both shoreline proxies
were digitised at a scale of 1:500 for shoreline change analysis and calculating island
planform area.
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Figure 4.5: Presence of infrastructures around Mabul Island causing difficulties in delineating EVL
shoreline proxy as seen in the Worldview-2 2015 (captured during the northeast monsoon). The
insets 1-4 represent several examples of the EVL around the island. 1: North-western coast where
administrative buildings appear alongside the EVL. 2: This northern section has minimal presence
of infrastructures along the EVL. 3: Coastal vegetation has been cleared to provide space for
residential built-up along the north-eastern coast; and 4: the north-western to southern coasts
are heavily covered with on-shore and offshore infrastructures.

Shoreline change analysis
Rate of shoreline change
Calculating the amount of shoreline change over time was conducted using the Digital
Shoreline Analysis System (DSAS) of ArcGIS 10.2 (Thieler et al. 2009). This method was
chosen as it is able to calculate various statistical rates of change for multiple shoreline
locations as defined by each transect cast around the island. DSAS is used to compute
Net Shoreline Movement (NSM) and End Point Rate (EPR) by using the distance of
intersection points between each transect and shorelines that intersect around the island.
Similar approaches have been applied to reef islands in the Maldives (Kench & Brander
2006a; Beetham & Kench 2014), Marshall Islands (Ford 2012; 2013; Ford & Kench 2015),
Kiribati (Biribo & Woodroffe 2013), French Polynesia (Cozannet et al. 2013; Yates et al.
2013), Papua New Guinea (Mann & Westphal 2014) and Tuvalu (Kench et al. 2015).
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Digitised shorelines of the same proxy were appended as a single layer within ArcGIS for
the rate of shoreline change to be calculated. DSAS was then employed to cast transects
based at intervals of 5 m along the island periphery. Selecting smaller intervals could
result in overlapping transects especially when the shoreline is curved as observed for
reef islands. Therefore, the overlapping transects need to be manually readjusted so that
they represent the correct section of shorelines for the rate of change calculation. It is
important to ensure that transects intersect all the shorelines prior to the calculation
process in DSAS. A table with shoreline change rates for each transect was generated
using DSAS and this can be joined to the shoreline layer to produce visual maps. Refer
to Thieler and Danforth (1994) for more details.
This study classified the magnitude of shoreline change into seven categories ranging
from High Erosion (HE) to High Accretion (HA) to facilitate comparison of measurements
between transects. Table 4.3 provides details on the different categories of shoreline
change rates adopted in this study. The values adopted for each category is not a
standard representation of level of change for other reef islands, but is rather aimed to
ease comparison of values of change between transects and between both Sipadan and
Mabul Islands. Based on the standard deviation of total errors, shorelines are considered
stable if the rate of change for NSM is ± 2.5 m and EPR ± 0.05 m/yr to capture the total
uncertainties that arise due to errors during the pre-processing of datasets.

Table 4.3: The different categories of shoreline change rates adopted in this study
Shoreline change
category

NSM (m)

EPR (m/yr)

≥ -30

≥ -1

Medium Erosion (ME)

-30 to -15.01

-1 to -0.51

Low Erosion (LE)

-15 to -2.51

-0.5 to -0.051

Stable (S)

-2.5 to 2.5

-0.05 to 0.05

Low Accretion (LA)

2.51 to 15

0.051 to 0.5

Medium Accretion (MA)

15.01 to 30

0.51 to 1

> 30

>1

High Erosion (HE)

High Accretion (HA)
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Shoreline proxies digitised from each image representing different time periods were
incorporated into DSAS for shoreline change analysis based on the methods by Thieler
et al. (2009). DSAS offers various statistical measurements of shoreline change namely
Net Shoreline Movement (NSM), Linear Regression (LRR), Weighted Linear Regression
(WLR), Shoreline Change Envelope (SCE) and End Point Rate (EPR) which are stated in
the table below as described by (Thieler & Danforth 1994; Oyedotun 2014): The
shoreline change analyses were conducted separately for EVL and BB and later were
analysed based on two categories which are the Northeast (NEM) and Southwest
monsoons (SWM). Planform areas for the islands were calculated using the polygons of
the BB and EVL shorelines digitised from each image.

Table 4.4: Description of measurements used in determining the amount of shoreline change
using the DSAS method.

Rate of change statistics
Net Shoreline Movement (NSM)

Description
Total

distance

between

oldest

and

youngest shorelines.
End Point Rate (EPR)

Average distance of change based on the
position between oldest and youngest
shorelines.

88

Results
Temporal shoreline change
Sipadan Island
Rate of change analysis for Sipadan Island was conducted for a longer time interval
(1978-2010) compared to Mabul Island due to the availability of older datasets. Net
shoreline movement (NSM) calculated for all base of beach (BB) and edge of vegetation
line (EVL) shorelines for the time interval from 1978 to 2010 (32 years) ranged between
-66.1 m to +43.9 m (Figure 4.6) and -59.87 m to +40.57 m (Figure 4.7) respectively.
BB shorelines denote larger variation of shoreline change and the difference in range of
net shoreline change between these two shoreline proxies is 9.56 m. Table 4.5 shows
the comparison in percentage (%) of transects within each category of shoreline change
based on NSM values calculated for EVL and BB shorelines for Sipadan Island (19782010). Higher number of transects for BB shorelines displayed net erosion (72.6%)
compared to net accretion which was recorded for only 23.7% from the total 405
transects. Erosion of BB is indicated at the western part of Sipadan Island and is causing
narrowing of the beach width here as illustrated in Figure 4.6 and further supported by
photos collected during field surveys shown in Figure 4.8 (page 93). In contrast, results
showed that BB shoreline positions on the east is moving seawards, reflecting an
accretional state and subsequently creating a larger beach area compared to that of
1978.
EVL shorelines displayed different NSM values than those recorded for the BB proxy
where 51.85% of transects indicated net erosion and 44.69% were accretion. Table 4.5
reveals that 38.7% of the total transects of BB had NSM values within the high erosion
group (>-30 m). On the other hand, only 8.89% transects showed high net erosion
based on EVL shorelines. Average rate of shoreline change (EPR) for Sipadan based on
BB shoreline ranged between -2.08 m/yr to +1.38 m/yr and EVL recorded yearly change
between -1.88 m/yr to +1.27 m/yr.
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Table 4.5: Comparison in percentage (%) of transects within each category of shoreline change
based on NSM values calculated for EVL and BB shorelines for Sipadan Island (1978-2010) and
BB shoreline only for Mabul Island (1998-2015).

Shoreline Change

Sipadan Island

Mabul Island

EVL

BB

BB

High Erosion (HE)

8.89

38.77

30.96

Medium Erosion (ME)

23.95

19.51

9.96

Low Erosion (LE)

19.01

14.32

8.90

Stable (S)

3.46

3.7

8.19

Low Accretion (LA)

18.77

5.93

11.57

Medium Accretion (MA)

18.02

4.44

24.02

High Accretion (HA)

7.90

13.33

6.41
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Figure 4.6: Shoreline change rate for Sipadan Island based on Base of Beach shorelines. a) Base
of Beach shorelines digitised from images for the period 1978-2010; b) NSM of BB for the period
of 32 years (1978-2010); c) EPR of BB shoreline change for Northeast monsoon (NEM) (31 year
period) and d) Southwest monsoon (SWM) (18 year period).
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Figure 4.7: Shoreline change rate for Sipadan Island based on Edge of Vegetation Line (EVL)
shorelines. a) EVL shorelines digitised from images for the period 1978-2010; b) NSM of EVL for
the period of 32 years (1978-2010); c) EPR of EVL shoreline change for Northeast monsoon (NEM)
(31 year period) and d) Southwest monsoon (SWM) (18 year period).
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Figure 4.8: Comparison between the western and eastern beaches of Sipadan Island. A) Aerial
photo of Sipadan Island taken from the North in 2009 (Source: Sabah Parks). Narrowing of the
beach is clearly seen at the western side of the island and beach area is wider on the eastern
section. i-vi) are photos taken during the field trip in 2016 where i-iii) show areas along the
eastern section of the island, denoting larger beach area with apparent growth of low-lying
pioneer vegetation and iv-vi) areas on the western shores showing slanting and uprooted trees
indicating beach retreat is occurring.
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Mabul Island
Net Shoreline Movement (NSM) calculated for Mabul Island for the maximum period of
17 years from 1998 to 2015 measured by the Base of Beach (BB) shorelines ranged
between -99.51 m to +52.12 m with an average NSM value of 12.14 m. Almost half of
the total transects indicated erosion in which 30.96% of transects depict High Erosive
state (>-30 m) which were observed mainly along the northwest, northeast to southern
sections of the island (Refer to Table 4.5 and Figure 4.9). Results from DSAS analysis
also indicated that a slightly lower percentage of transects (42%) denote overall
shoreline accretion over the study period where 6.41% showed high accretion of >+30
m which mainly occurred along the northeastern coast. BB shoreline at the western
section of Mabul Island where infrastructures were heavily present, remained stable or
only showed slight shoreline change over the 17 year period. Furthermore, end point
rate (EPR) values indicated that the BB shoreline movement varied spatially around the
island periphery where erosion and accretion occurred between -3.02 m/yr to +5.77
m/yr (Figure 4.9).
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Figure 4.9: Shoreline change rate for Mabul Island based on Base of Beach shorelines. a) Base of
Beach shorelines digitised from images for the period 1998-2015; b) NSM of BB for the period of
17 years (1998-2015); c) EPR of BB shoreline change for Northeast monsoon (NEM) (6 year
period) and d) Southwest monsoon (SWM) (12 year period).
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Seasonal shoreline change
Due to the difference in availability of temporal datasets between Sipadan and Mabul
Islands, it is appropriate to use the yearly rate of shoreline change which is measured
as End Point Rate (EPR) (m/yr) values in DSAS to compare shoreline changes occurring
for different monsoons. Shoreline sections for both Sipadan and Mabul Islands denote
various rates of accretion and erosion calculated from proxies representing the Northeast
monsoon (NEM) and Southwest monsoon (SWM). Change analysis for Sipadan Island
showed that the EPR values for base of beach (BB) shorelines during NEM and SWM
were between -2.13 m/yr to +1.33 m/yr and -2.26 to +1.61 m/yr respectively (refer to
Figure 4.6, page 91). During the NEM, 68.4% of all BB shoreline transects indicate
erosion while only 27.91% of transects depict erosion. In contrast during the SWM,
slightly lower percentage (60.74%) of all BB shoreline transects showed erosion and a
higher number of transects indicate accretion compared to NEM. As seen in Figure 4.6,
shoreline change analysis showed similar trend of erosion around the island periphery
from north-northeast to south (anti-clockwise) for both NEM and SWM period. The main
difference in shoreline change between these two monsoons can be observed at the
southeast to south-southeast area of the island. During NEM, this area indicated that BB
is eroding but conversely is accreting during SWM. EPR recorded for EVL transects
ranged between -1.66 m/yr to +1.33 m/yr for NEM and -2.2 m/yr to +1.26 m/yr for
SWM periods as shown in Figure 4.7, page 92. More transects indicate that EVL shoreline
accreted during NEM compared to SWM which can be seen at the north-northeast to
south-southeast sections of the island.
Mabul Island’s base of beach (BB) shoreline recorded EPR values for NEM and SWM
periods between -5.89 m/yr to +3.93 m/yr and -8.63 to +3.93 m/yr respectively (Figure
4.9). The BB shorelines showed larger variation in change during the SWM period
compared to the NEM period. The percentage of transects within each shoreline change
category based on EPR values are shown in Table 4.6. From this table it can be seen
that similar percentage of transects were stable during both monsoons. Interestingly,
although more transects displayed erosion during the NEM compared to the SWM, the
percentage of transects with High Erosion (HE) values was 12.09% more for the SWM
period. Notable difference in shoreline change between monsoons is observed for areas
of accretion as seen in Figure 4.9. High accreting shorelines as indicated during NEM
period is between the north-northwest to north-northeast section of the island and
during SWM period, the accreting shorelines shifts to north-northeast to east-northeast.
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Table 4.6: Comparison in percentage of transects within each category of shoreline change based
on EPR (m/yr) rate calculated for EVL and BB shorelines between Northeast and Southwest
monsoons for Sipadan and Mabul Islands. Only percentage of BB shoreline transects are given
for Mabul Island due to the difficulty in delineating the natural EVL over the study period.

Sipadan Island
Shoreline Change

EVL

Mabul Island

BB

BB

NEM

SWM

NEM

SWM

NEM

SWM

High Erosion (HE)

7.65

14.32

23.95

22.96

29.72

41.81

Medium Erosion (ME)

22.72

23.46

21.73

20.99

9.79

4.98

Low Erosion (LE)

19.01

17.28

22.72

16.79

21.17

7.47

Stable (S)

2.47

5.93

3.70

4.20

4.98

4.80

Low Accretion (LA)

21.98

22.22

9.14

12.10

10.32

20.28

Medium Accretion (MA)

17.78

10.86

4.20

11.11

7.83

7.47

High Accretion (HA)

8.40

5.93

14.57

11.85

16.19

13.17

Changes in planform island area
Polygons of the digitised base of beach (BB) and edge of vegetation line (EVL) shorelines
were able to show changes in island planform area based on the island periphery defined
by the edge of the beach as well as the vegetated island cores for the study period. The
total island area as depicted from each image is summarised in Table 4.7 for Sipadan
and Mabul Islands. Sipadan Island area size as measured by the BB have decreased by
more than 0.025 km2 (2.54 ha) from 1978 to 2010. Subsequently, indicating a net area
loss of 12.75% over the 32 year period. This means, Sipadan Island is eroding at a yearly
rate of 0.00079 km2 (0.079 ha) or 0.0079 km2 (0.794 ha) per decade. In contrast, results
showed that the vegetation area of Sipadan Island has increased in size of more than
0.001 km2 (0.17 ha), which is about 1.26% increase since 1978, with an average yearly
change rate of about 0.00006 km2 (0.006 ha). Similarly, net changes of Mabul land area
(BB) denote that the island have decreased in area by 0.0279 km2 (2.79 ha) indicating
a net loss of 9.4% land area over the 17 year period. Accordingly, the average yearly
and decadal rate of island area change is -0.0016 km2 (-0.1644 ha) and 0.0164 km2
respectively.
97

Table 4.7: Summary of changes in planform land area and vegetated area for Sipadan Island
from October 1978 to August 2010 (32 years) and land area for Mabul Island from September
1998 to December 2015 (17 years). Total area change is based on the oldest and latest available
images for analysis. Average area change is calculated by dividing the total amount of change
with the total number of years between the oldest and latest image used in the change analysis.
Site

Image

BB
(km2)

EVL
(km2)

Sipadan
Island

AP 1978

0.1992

0.1410

NEM

AP 1982

0.1798

0.1471

SWM

AP 1985

0.1937

0.1370

NEM

QB 2003

0.1782

0.1399

NEM

QB 2006

0.1817

0.1403

SWM

WV2 2009

0.1852

0.1444

NEM

WV1 2010

0.1787

0.1434

ITM

WV2 2010

0.1738

0.1428

SWM

AP 1998

0.2972

SWM

QB 2006

0.2668

SWM

WV1 2008

0.2604

SWM

QB 2009

0.2515

SWM

WV2 2009

0.2742

Mabul
Island

Monsoon BB Total
Area
Change
(km2)

BB
EVL Total
EVL
Average
Area
Average
Area
Change
Area
Change
(km2)
Change
(km2/yr)
(km2/yr)

-0.0254

-0.000794

0.0018

0.000056

-0.028

-0.0016

NA

NA

NEM
NA

WV1 2010

0.2657

ITM

WV2 2010

0.2603

SWM

WV2 2013

0.2628

NEM

WV1 2015

0.2670

NEM

WV2 2015

0.2692

NEM

Comparison in island shape based on the shoreline positions over the study period can
also be seen in Figure 4.10 and 4.11. For Sipadan Island, both BB and EVL shorelines
denote that the planform area is changing from a rectangular to a more eclipse shaped
island (as seen in Figure 4.10). The initial shorelines of Sipadan Island in image 1978
have clearly retreated at locations of northwest, north, southeast and south positions
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when compared to the later shoreline positions, particularly the latest shoreline in the
analysis which is from the year 2010. As seen in Figure 4.11, the entire western shoreline
of Mabul Island has remained stable over the 17 years of image analysis (1998 to 2015).
Conversely, shorelines at the north to southeast section of the island are notably more
dynamic compared to other areas as shoreline positions were highly variable over time
(Figure 4.11).

Figure 4.10: Changes in a) BB shorelines and b) EVL shorelines during different monsoons for
Sipadan Island as indicated from the images dated from 1978 to 2010. SWM= Southwest
monsoon, NEM= Northeast monsoon.
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Figure 4.11: Changes in BB shorelines during different monsoons for Mabul Island as indicated
from the images dated from 1998 to 2015.
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Discussion
This study of shoreline change using multi temporal remote sensing datasets, shows that
the reef islands of east coast Sabah, Malaysia namely Sipadan and Mabul Islands have
shorelines that are highly dynamic signifying spatio-temporal variability of reef islands.
Although both islands are of similar shape and size as well as influenced by the same
Northeast (NEM) and Southwest (SWM) monsoons, the rates of shoreline change were
dissimilar. Datasets spanning over three decades available for Sipadan Island allowed
long term reef island shoreline change to be assessed whilst a shorter time interval of
change was conducted for Mabul Island. Nevertheless, the change analysis using the
Base of Beach (BB) shorelines revealed that both islands are eroding over time and
indicating a net loss in island area. However, a contrasting result was observed when
the edge of Vegetation Line (EVL) was selected as shoreline proxy for the change
analysis. Based on EVL shoreline change, Sipadan Island is actually accreting in area
over time. EPR values of BB also indicate that Mabul Island is eroding at a higher rate
each year compared to Sipadan Island. Results also imply that rate of shoreline change
is highly dependent on the shoreline proxy selected where increase in vegetated area
does not necessarily indicate increase in island area. This may suggest that island
shorelines are influenced by localised features of the individual reef platforms, as well as
regional monsoonal patterns.
By analysing images based on monsoons, our analysis shows that the BB shorelines for
the study areas are highly influenced by seasonal monsoons compared to the EVL as
certain areas of the islands indicate great difference in rate of change between
monsoons. Results as seen in Figure 4.9 show that during NEM, when prevailing wind
direction is from the northeast, sand is deposited at the north-northwest to northnortheast of Mabul Island and similarly at the north-northeast to southeast sections of
Sipadan Island (as seen in Figure 4.6). During SWM, areas of BB accretion at Mabul
Island have shifted to the north-northeast to east-northeast section and a small section
at the south. There is possibility that infrastructures on the north-northeast to eastnortheast beach and reef flat area of Mabul Island has obstructed the transportation of
sand and caused it to be deposited there instead of elsewhere around the island
periphery. Therefore, careful interpretation of shoreline change between inhabited and
uninhabited islands is necessary as anthropogenic activity can mask the natural shoreline
dynamics (Flood 2018), as observed at Mabul Island. Sipadan Island showed additional
areas of BB accretion during the SWM which is at the southeast to south- southeast
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region. In accordance to similar studies, beach areas are highly likely to shift between
seasons due to the unconsolidated sand that are easily mobilised and be transported
and deposited to a different nodal point as the wind and wave directions change (Flood
1986; Kench & Brander 2006a; Dawson & Smithers 2010; Beetham & Kench 2014; Flood
2018). Seasonal wind patterns have resulted in change in shape, size and location of
reef islands on reef platforms indicating wind and wave as environmental driving forces
of reef island shoreline change (Flood 1986; Kench & Brander 2006a; Dawson & Smithers
2010). Other similar studies often use the longest temporal available datasets to compare
rate of change, commonly a historical aerial photo and recent satellite image. However,
results of this study imply the necessity to take into account acquisition date of remote
sensing images when assessing shoreline changes for reef islands that are influenced by
seasonal monsoons. Shoreline change analysis need to be made on datasets that are
seasonally similar in order to capture a noteworthy shoreline change especially when
using the Base of Beach as shoreline proxy. This study also identifies BB shoreline as a
good indicator of short term island change which is in line with findings of Ford (2012).
Shoreline change analysis for Sipadan Island revealed that the western coast is eroding,
where both BB and EVL proxies indicated net erosion over the 32 year period (19782010). However, the amount of change recorded by EVL transects at this area is lower
compared to the BB values of the same transect. Results are indicating that the western
beach area is retreating at a faster rate than the vegetation line. As a result, the distance
between the EVL and BB (beach width) is narrower on the western side in comparison
to the eastern part of the island. This finding is consistent with the evidence seen from
the aerial photo of Sipadan Island taken in September 2009 from the northern area and
also from photos taken during field observation conducted in February 2016 (see Figure
4.8, page 93). Vegetation imparts stability for reef islands compared to the
unconsolidated sand, which implies that EVL shorelines are more resilient to changes in
waves and currents directions and BB shorelines are more dynamic in nature (BaylissSmith 1988; Dawson & Smithers 2010). Therefore, EVL shoreline movements do not
necessarily reflect the actual island beach area change as stated by (Ford 2012; Adnan,
Hamylton & Woodroffe 2016). Tall rooted forest trees as observed at the EVL on the
western shores of Sipadan Island were able to decelerate further erosion when the BB
shorelines continued to retreat approaching the EVL. It is highly likely that this area will
continue to erode as narrowing of beach area and falling of sturdy forest trees are
evidence of long term net erosion at the western part of Sipadan Island. Conversely, BB
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shoreline change rates for the eastern beach indicate a trend towards long term net
accretion which also coincides with net accretion of EVL. The expansion of beach area
here has allowed further seaward growth of pioneer vegetation such as creepers and
low shrubs which consequently provide some stability to this area. If the BB shoreline
here continues to accrete or become stable, the available beach area will allow further
succession of sturdier vegetation species and consequently increase the vegetated area
of the island. The eroding western and accreting eastern beach reflect a longer term
shoreline change for Sipadan Island. Changes in the dominant wind direction could result
in long term shoreline modifications (Flood & Heatwole 1986) as observed for Sipadan
Island. For the purpose of the present study, wind data were requested from the
Meteorological Department of Malaysia to investigate this possibility, however, they were
not of the requisite quality to complete a meaningful analysis.
Accretion of beach area at the eastern part of Sipadan Island coincides with the presence
of beachrock here. The existence of beachrock which was reported by surveys in 1980s
(Wood 1987b; UKM 1990; LESTARI 2006) and some parts of it were visible in earlier
aerial photos (1978-1985) and satellite images (2003 and 2006) but were not visible in
recent images (2010) nor during a field visit to the island in February 2016. Shoreline
change analysis on the multi-temporal images implied that Sipadan Island is getting
bigger on the east and eroding on the west. The beach accretion on the eastern side of
the island has covered the area of beachrock, and as a result, this cemented feature was
not visible in the more recent satellite images. Waves approaching reef platforms will
break and be refracted and diffracted transporting sediment across the reef flats until it
reaches the area with the least energy, allowing the sediment to be deposited which is
known as the nodal point (Gourlay 1988). Island migration or rotation can occur when
there is change in incident wave energy or direction which subsequently changes the
nodal point of sediment deposition on the reef platform (Flood, 1986; Aston, 1995;
Houser et al., 2014). Geomorphic features such as beachrock could restrict sand
movement and act as a sediment trap (Flood 1974) imparting some stability to the beach
area as observed for Sipadan Island. Changes in shape and size of islands are also
contributed by sediment supply. Without continuous sediment supply, island areas as
indicated by the BB will reduce in size.
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Conclusion
This study provides insights to spatio-temporal variability of shoreline changes on two
similar shaped reef islands in non-atoll settings located at the east coast of Sabah,
Malaysia. Long term net erosion of the Base of Beach is revealed for both Sipadan and
Mabul Island, indicated by a reduction in planform land area over time. However, change
analysis using the Edge of Vegetation Line on Sipadan Island reveals a contrasting result
of net accretion instead. This raises the question of the implication of adopting different
shoreline proxies in predicting long term shoreline change for reef islands that are
spatially and temporally dynamic. Perhaps a more complete understanding of island
shoreline dynamic can be obtained by employing both shoreline proxies for the
assessment, then comparing results. Where anomalies arise, these may indicate
interesting geomorphic processes that underpin departures in the behaviour of the base
of beach and vegetation line. Although the data availability for Mabul Island only span
across 17 years compared to Sipadan which is 32 years, the DSAS end point rate (EPR)
values indicate that Mabul Island is eroding at a higher rate yearly compared to Sipadan
Island. As evidenced in the aerial images (See Appendix A.2, page 247) the man-made
structures around Mabul Island both on land and on the reef flat have expanded
considerably during the change assessment period. Even with the existence of retention
walls, Mabul continues to erode and this will lead to unfavourable land loss in the future.
These reef islands are influenced by seasonal monsoon changes and therefore shoreline
change calculations will need to employ datasets within the same season for analysis
instead of the more common approach of adopting the longest temporal available
datasets. The presence of sturdy tall forest vegetation and geomorphic features such as
beachrock appear to impart some stability to reef islands by reducing erosion and, in
some cases, promote accretion for the long term, as observed for Sipadan Island.
Shoreline change analysis also revealed that Sipadan Island is changing in shape,
becoming more ellipsoidal and the eastern beaches are accreting whereas the west is
eroding. This study highlights several factors that influence shoreline changes such as
seasonal monsoon, presence of vegetation and geomorphic features such as beachrock,
as well as anthropogenic activities. The latter factor needs to be further investigated to
understand their role in island shoreline changes.
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MODELLING SHORELINE CHANGES OF
VEGETATED REEF ISLANDS.

Introduction
Reef islands respond dynamically to changes in conditions such as wind, wave, currents
and tidal regime, sediment supply, vegetation cover as well as anthropogenic activities.
They do so by adjusting their shoreline positions, to change their configuration and
position on the reef platform (Bayliss-Smith 1988; Aston 1995; Duvat, Salvat & Salmon
2017). Erosion and accretion around the island periphery may alter the shape and size
of the island (Kench & Brander 2006a; Kench et al. 2006b; Webb & Kench 2010), and
also decrease or increase island volume that can be reflected through changes in beach
profiles or island topography (Kench et al. 2006b; Yamano et al. 2007; Kench et al. 2008;
Dawson & Smithers 2010).
Climate change has and will continue to drive changes in these environmental conditions,
which may disrupt the natural processes that are crucial for the maintenance and stability
of reef islands. Concerns over increases in water temperature, ocean acidification and
anticipated sea-level rise have implications for the future stability of small islands,
including reef islands, which are particularly vulnerable to climate change (IPCC 1996;
Nurse et al. 2001; Mimura et al. 2007; IPCC 2014b). Due to their small size and low
elevation, reef islands will likely to experience longer term losses of land area due to
erosion and inundation which can be exacerbated by occurrence of human activities
(Woodroffe 2008). Monitoring changes to reef islands has therefore become an
important component of effective island management and adaptation measures for
protection of reef islands.
Monitoring reef island changes can yield important insights into past reef island dynamics
(Ramieri et al. 2011). Change assessments requires at least datasets of two different
time periods to allow differences occurring to a study object to be detected. Shoreline
change detection incorporating various images over different timescales is known as
multi-temporal analysis (Mann & Westphal 2016). Temporal comparison commonly relies
heavily on the oldest and latest dataset available in which positions of shoreline proxies
can be derived from to determine whether long term or short term change is detected.
Based on existing reef island studies, short term changes are usually indicator of
temporary shoreline change as a result of transition in seasonal monsoon (Kench &
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Brander 2006a; Kench, Parnell & Brander 2009), before and after a high magnitude
event such as storms and hurricanes (Bayliss-Smith 1988; Cozannet et al. 2013; Yates
et al. 2013; Smithers & Hoeke 2014) and tsunami (Kench et al. 2006b; Smithers & Hoeke
2014). Incorporating datasets of longer time period in monitoring shoreline change can
provide critical insights whether reef islands are changing permanently or temporarily,
which is of great concern if the change signifies permanent loss of island areas that may
lead to total island disappearance as seen in the Solomon Islands (Albert et al. 2016;
Duvat & Pillet 2017) and Federal States of Micronesia (Nunn, Kohler & Kumar 2017).

Shoreline change analysis methods
While historical datasets are most likely to be of lower quality, their availability is an
integral part of monitoring reef island change because they provide important
information on past shoreline configurations. The assessment of shoreline changes
commonly adopt a ‘vector based approach’, in which specific features of interest are
visually identified and manually digitized into points, line or polygons from datasets.
These features are then digitally overlaid and compared between different time periods
using computerized software such as ArcGIS. There is an increasing number of studies
pertaining to shoreline change assessments of reef islands most notably on atoll settings
and very limited on other reefs such as barrier reefs and oceanic reef platforms (refer to
Chapter 1, page 25, Table 1.1). Based on compilation of reef island studies, the approach
adopted to assess island change can be generally distinguished to three broad categories
which are namely Qualitative Analysis, Qualitative and Semi-Quantitative Analysis, and
Quantitative Analysis.

Qualitative Analysis
Qualitative Analysis involves visual comparison of shoreline proxies or features that are
derived from multi-temporal datasets. The differences detected between the multiple
time periods are described in terms of change in shapes and positions of shoreline
proxies and coastal features. Descriptions and interpretation of the changes rely on
researchers’ expertise and sometimes are very subjective especially when shorelines
from different dates are overlaid without proper spatial registrations. Earlier studies on
shoreline changes of reef islands were mainly qualitative analysis that relied on visual
interpretation of shoreline features inferred from historical datasets which are commonly
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supplemented with published or written information of these features. Verstappen
(1954) compared the changes that occurred for reef islands at Djakarata Bay in relation
to the direction of predominant wind occurrence. Similar qualitative analysis were
conducted by (Flood 1974; Flood 1986) for reef islands of the Great Barrier Reef where
change in island area and shape were described based on shoreline positions drawn from
aerial photos, historical survey maps, and supported with anedoctal descriptions written
by other published literature. Kench, Parnell & Brander (2009) used visual interpretation
to describe shoreline dynamics of reef islands in the Maldives whilst investigating the
seasonal change of wave and currents. Loss of turtle nesting areas at reef islands of
Turtle Island Park Sabah, Malaysia was investigated through visual comparison of
shoreline positions derived from using multi-temporal datasets and field surveys by Saleh
et al. (2013).

Qualitative and Partial Quantitative Analysis
Another type of shoreline change method involves a mix of qualitative and quantitative
analysis. Visual interpretations of shoreline changes over time are described with some
calculations of rate of change between shorelines to quantify the shoreline dynamics.
However, the calculation in the rate of change usually represents specific sections of the
island and not detailed enough to infer the whole island periphery. An example of this
approach was conducted by Bayliss-Smith (1988), where change analysis was inferred
by visual interpretations of shorelines drawn from field surveys, survey maps, admiralty
charts and aerial photos with calculation of change in distance between shoreline
positions at specific sections on the reef islands of Ontong Java Atoll to determine pre
and post effect of a hurricane event. Collen, Garton & Gardner (2009) described the
change in shoreline positions of reef islands influenced by construction of airbase at
Palmyra atoll using the same approach with supporting evidence from field observations
to denote area of erosion, accretion and islands that have coalesce. Measurements of
island perimeter and area including vegetation, derived from field surveys and aerial
photos were used to describe changes in shape and positions of reef islands of the Swain
Reefs, Great Barrier Reef (Flood & Heatwole 1986).
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Quantitative Analysis
The third type of method can be categorized as Quantitative analysis; a method that
mainly aims to quantify the rate of shoreline change through a variety of metrics and
the values generated are representative of the whole reef island, and not a certain
shoreline section of interest. Some examples of quantitative analysis for shoreline change
of reef islands include temporal quantification of change in planform area, rate of change
in shoreline positions at multiple locations around the island periphery and changes in
island volume. All shorelines proxies are digitized to create vector lines or polygons for
the rate of change to be calculated which can be done manually or automatically using
computer software. ‘Edge of vegetation line’ is employed as a popular shoreline proxy in
studies of reef islands due to the ease of identification from aerial and satellite remote
sensing datasets. Vegetation imparts some degree of stability to reef islands (Stoddart
& Steers 1977; Bayliss-Smith 1988) and the change in vegetation area is implied by
many reef island studies to be a sign of long term change compared to the more dynamic
base of beach that signals shorter term fluctuations (Ford 2012; Mann & Westphal 2014;
Albert et al. 2016).
Commonly, shorelines of the same proxy are converted to polygons to allow island area
to be calculated and compared. Interestingly, Beetham & Kench (2014) and (Mann &
Westphal 2014) used two different proxies which are Edge of Vegetation (EVL) and
Beach Toe, or ‘base of beach’ (BB) to determine the change in beach area over time by
subtracting the EVL from the BB. BB is the point where the edge of the beach sand meets
the solid reef flat and can be indicated by the apparent change in substrate and beach
slope (Biribo & Woodroffe 2013; Mann & Westphal 2014). It is important to note that
increase and decrease in beach width could denote change in positions of either EVL or
BB shorelines. The area size for the older shoreline will be deducted from the newer
shoreline to determine change over time. It is also common that the rate of change is
expressed in percentage of change from the initial island area (the oldest dataset
available). However, expressing shoreline change in terms of differences in area size or
percentage values between several points in time could not identify actual displacements
of shorelines without conducting further visual examinations as described in Webb &
Kench (2010); Ford & Kench (2014); Kench et al. (2014); Testut et al. (2015) and Albert
et al. (2016). Houser et al. (2014) calculated island orientation over time in addition to
analysing area change. Collectively, these studies infer that reef islands may undergo
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substantial shoreline displacements over time, as a response to changes in boundary
conditions, without significant changes in area size.
Assessing reef island change based solely on calculations of island area may not be able
to capture finer details in shoreline behaviour around an island. This limitation can be
overcome by calculating distances between shoreline positions over time at multiple
locations around the island periphery. This is another example of Quantitative analysis
approach. Selection of locations based on consistent intervals are more preferable as the
entire island dynamics can be captured and consequently, smaller intervals will provide
more details of shoreline characteristic (Rankey 2011). Transects intersecting all
shorelines digitized from datasets are commonly positioned at define locations or
intervals around the island periphery in which rate of change between different
shorelines are calculated (Dawson & Smithers 2010) and can be achieved using spatial
tools (Kench & Brander 2006a; Ford 2012; Biribo & Woodroffe 2013; Yates et al. 2013).
Digital Shoreline Analysis System (for more details on this method, refer to Chapter 4,
section 4.2.3.1), is an ArcGIS tool developed based on this approach that generates rate
of change based on various statistical calculations for each location where transects
intersects with the corresponding shorelines (Thieler & Danforth 1994; Thieler et al.
2009) and have been incorporated in more recent studies depicting short term (Beetham
& Kench 2014), and long term (Ford 2012; Biribo & Woodroffe 2013; Ford 2013; Yates
et al. 2013; Mann & Westphal 2014; Ford & Kench 2015; Kench et al. 2015; Mann &
Westphal 2016; Duvat & Pillet 2017) reef island change. Some collective advantages of
using DSAS inferred from these studies are; the user has control over the placements of
transects around the island periphery and rate of change between two shorelines of
differing period (commonly the oldest and latest available shorelines) can be generated
automatically for each defined locations regardless of the amount of transects casted.
Another in-depth quantitative analysis of shoreline change for reef islands involves the
calculation of island volume change to determine whether change in shoreline positions
and island planform area is caused by permanent net sediment loss or actually due to
redistribution of sediment at other sections of the island. Such approach requires
elevation data from profile surveys or remote sensing data such as LiDAR. Studies
adopting this approach are still limited due to paucity and difficulty in obtaining elevation
data which are commonly more expensive and requires more time and skills to be able
to collect them at the field compared to other methods described previously. However,
the information garnered from this approach provide important insights to understand
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reef island change which are not achieved using the common planimetric assessments
of shoreline change over time. Example of the inclusion of elevation information in
assessing reef island change were carried out by Smithers & Hoeke (2014) to analyse
shoreline volumetric changes from beach profiles prior to and after a storm event at
Takuu Atoll. In another study, changes in island volume were analysed and further used
to model future changes of 103 islands at the Great Barrier Reef (Hamylton & Puotinen
2015).

Modelling Shoreline Change
As described in 5.1.1 above, there is a growing body of research that seeks to quantify
reef island shoreline change over time, without empirically assessing the likely drivers
underpinning these changes. Variability of change around the island shorelines suggests
that there are differences in underlying local environmental controls that give rise to the
variable shoreline responses. As shorelines, variously defined as either the edge of
vegetation line or the base of beach, around reef islands are subject to distinctive sets
of localised environmental conditions (e.g. the windward vs the leeward side of the
island), changes or displacements of shoreline positions occurring only at a particular
section cannot be assumed to be a representation of change for the entire island
periphery.
Studies have shown that displacement of shorelines could indicate permanent or
temporary change and the rate of change varies around an island periphery and also
between different environmental settings (Ford & Kench 2015; Duvat & Pillet 2017). This
spatial variability is influenced by gradients of localized environmental controls, as listed
in Table 5.1. In the field, the response of landforms to different environmental controls
can be compared by identifying and interrogating meaningful spatial gradients across
broad scales (Haining 2003). These provide an important opportunity to explain the
response of shorelines explicitly in relation to the underlying environmental processes to
which they are subjected (Hamylton 2017b).
Shoreline change varies between island types, location and even around the island
periphery. There are many drivers underpinning the variation of shoreline change such
as island morphology, hydrodynamic processes, sediment dynamics, anthropogenic
activities, which can either impart some resilience/stability to a shoreline or render it
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more sensitive to change. Some of the major drivers of reef island change as identified
in literature are listed in Table 5.1 below.
Table 5.1 Major drivers of shoreline change on reef islands. Refer to Chapter 1, Section 1.6 for
further details on factors influencing island stability.
Factors

Reference

Island characteristics

Vegetation:
 Presence of vegetation imparts some stability to reef
islands and type of vegetation around the island can
influence variation in shoreline change

Geomorphological features:
 Presence of cemented/lithified features such as
beachrock and conglomerate platform protects the
shore from erosion and allows sediment to
accumulate over time.
 Sediment characteristics; larger particle sizes are
more difficult to be entrained, transported, removed
compared to smaller particle size.
 Gravel, rubble and boulder deposits are more resilient
to change, and may promote sediment accumulation.
 Shape and size of reef platform: larger platforms
provide more accommodation space allowing growth
in island area. Waves undergo greater attenuation
over wide reef flats.
Hydrodynamic processes:
 Spatial variation in wave energy and direction of
hydrodynamic processes will influence sediment
transport and the nodal point where sediment may be
deposited.
 Occurrence of high energy events can remove large
amounts of sediment from the island or it can transfer
larger particle size (gravel/rubble) onshore.
Sediment budget:
 Health of the reef system is pivotal to provide
continuous sediment supply to reef islands. However,
if sediment dynamic is interrupted, such as disruption
of natural pathways of sediment transportation,
erosion and accretion can lose it balance causing
shoreline change to occur.
Anthropogenic activities:
 Human activities such as clearing of vegetation,
construction of buildings, land reclamation, sand
mining can destabilise shorelines and disrupt natural
pathways for sediment transport or deposition.
 Increase in waste can cause eutrophication which can
deteriorate reef health affecting carbonate producers.
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Stoddart & Steers (1977); BaylissSmith (1988); Yamano, Kayanne &
Chikamori
(2005);
Woodroffe
(2008); Heatwole (2011); Smithers
& Hopley (2011); Ford (2012);
Mann & Westphal (2014); Albert et
al. (2016)
Stoddart
&
Steers
(1977);
Woodroffe (2008); McLean (2011)
Perry et. al. (2011); Hamylton et
al. (2016)
Maragos, Baines & Beveridge
(1973); Bayliss-Smith (1995);
Kench et al. (2006b); Woodroffe
(2008)
Kench & Brander (2006b); Houser
et al. (2014)

Flood (1986); Flood & Heatwole
(1986); (Gourlay (1988); Kench et
al. (2006a); Kench, Parnell &
Brander (2009)
Bayliss-Smith (1988); Kench et al.
(2006b); Kench et al. (2008)
Woodroffe et al. (2007); Perry et al.
(2011); Smithers & Hopley (2011);
Forbes et al. (2013); Hamylton et al.
(2016)

Hamylton & East (2012); Biribo &
Woodroffe (2013); Duvat & Pillet
(2017); Duvat, Salvat & Salmon
(2017); Flood (2018)
Purkis et al. (2016)

Aim and Objectives
One of the major questions in assessing shoreline changes of reef islands concerns the
underlying drivers that influence the displacement of the shoreline proxies. Relationships
between the observable changes as a function of their environmental settings can be
obtained through spatial statistical models, as described in Aston (1995) for reef island
change in shape, size and location, due to fluctuations in wind-waves and currents
direction, Hamylton & Puotinen (2015) for change in island areas and volume at the
Great Barrier Reef and Houser et al. (2014) for change in shoreline positions based on
platform width. Such an approach goes beyond the observation of changes to draw on
the variation of changes observed both within and between islands to express this in
relation to different environmental factors. There is great consensus that observable
changes do not only vary between islands, but variation occurs around the island
periphery itself (Webb & Kench 2010; Beetham & Kench 2014; Mann, Bayliss-Smith &
Westphal 2016; Duvat, Salvat & Salmon 2017). This calls for more research investigating
the underpinning factors that contribute to the variation. The present chapter aims to
go beyond monitoring change along transects to express shoreline change as a function
of potential drivers of change, related to beach morphology, vegetation characteristics
and human disturbance of the reef islands.
The following objectives collectively express shorelines changes of different proxies (EVL
and BB) over various timeframes (NEM, SWM, ALL: non-monsoon) as a function of
potential driver variables, including sediment characteristics, relationship to reef edge,
vegetation characteristics, presence of development structures and geomorphic features.
1.

To identify the potential driver variables of shoreline change using a statistical
approach.

2.

To model the shorelines changes of EVL and BB proxies as a function of potential
driver variables.

3.

To compare the variables of change between disturbed, semi-disturbed, and
undisturbed islands.
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Site description
Shoreline changes were modelled for three reef islands, each representing different
levels of human disturbance. Sipadan and Mabul Islands are located at northeast Borneo
where the former is a semi-disturbed and the latter a highly disturbed vegetated reef
island. North Keeling Island is a larger isolated reef island located about 2000 km
northwest of Perth in the Indian Ocean and is totally undisturbed by human activities.

Figure 5.1: Locations of the reef islands in this study in relation to the Indo-Pacific region. The
individual islands and the extent of their reef flat are shown in b) Sipadan Island c) Mabul Island
(Satellite image source: DigitalGlobe Foundation) and d) North Keeling Island (Source:
GeoScience Australia).
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Sipadan and Mabul Islands, Sabah, Malaysia
Coastal tourism is a major source of economic income for Malaysia, particularly the state
of Sabah. Reef islands along the east coast of Sabah sit within the Coral Triangle region,
and are tourist destinations due to the beautiful surrounding reef systems which are a
marine biodiversity hotspot (Jolis & Saleh 2015). High international demand for diving
activities is reflected in the increase of tourism related facilities built along the coastal
areas and on reef islands.
The geomorphological features of Sipadan and Mabul Islands have not been well studied.
However, Wood (1981); Wood (1987b); Waheed & Hoeksema (2013) and Jolis & Saleh
(2015) have described some of the reefs systems and islands around the Semporna area.
Reef systems of the east coast Sabah comprise shelf reefs which include fringing, atoll,
platform, barrier and oceanic reefs (Wood 1987b) and may have low lying sand cays
developed on top of them. The development of sand cays is influenced by the wind and
wave directions of the Northeast (NEM) and Southwest (SWM) monsoons, depositing
sand on the nodal point on the reef platforms. NEM is also known as the rainy season
with wind predominantly blowing from the east and northeast notably approximately
between November to March yearly. On the other hand, less rainfall occurs during the
SWM when the predominant wind direction is from the south and southeast as reported
by Integrated Environmental Consultants (Sabah) Sdn. Bhd. (2010). Tidal range around
Semporna waters is between 1.2-2.0 m (Wood 1987a) and is a mixed semi-diurnal type.
Refer to Chapter 4, Section 4.1.3, for more details on these islands.

114

Figure 5.2: Coral reefs of Semporna, Sabah, Malaysia and locations of Sipadan and Mabul Islands
(Source: ArcGIS Basemap).

Forest vegetation can be found on this small island which is also a nesting ground for
endangered turtles (UKM 1990; Tinsung et al. 2011). Sipadan currently has land area
about 0.17 km2 and its entire reef flat area is about 1.83 km2. This vegetated reef island
is formed on the northwestern end of the reef platform as a result of the predominant
wind direction from the south and southeast that transport the sand across the reef flat
and deposit them on a nodal point at the leeward area (LESTARI 2006). From the
shoreline change analysis in Chapter 4, Sipadan Island has decreased about 12% from
1978 to 2010. Wood (1987b) and LESTARI (2006) reported that beachrock was observed
on the eastern side of the island. However, these features were not visible during the
field visit in 2016 and this is consistent with results from the shoreline change analysis
in Chapter 4 which indicated that Sipadan Island is eroding on the west and accreting
on the east, and the accumulated sand on the eastern beach must have buried these
cemented features.
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About 24 km north from Sipadan Island is Mabul Island, a similar shaped sandy reef
island developed on a patch reef, and large number of infrastructure are built on the
island to accommodate the increase in tourism demand and houses built by the local and
Sea Bajau people. Building structures can be seen around the entire island periphery but
buildings of tourist accommodation are mostly constructed on the western side of the
island. Due to a lack of space onshore, these structures are starting to occupy the reef
flat area with prominent jetties extending further to the far end of the reef flat as seen
at the northwest to northeast area of the island. This island of approximately 0.26 km2
was once covered with natural vegetation but then was replaced by coconut plantation
and further diminished due to clearing of land for building of infrastructure. There is
concern that the lack of a proper sewage system is deteriorating the health of
surrounding reefs which is further exacerbated by the increase in tourist numbers to the
area (Aw 2013). Low percentage in live corals and diversity of organisms on reef flats
near the land area compared to the reef edges is a reflection of this issue. In addition,
Integrated Environmental Consultants (Sabah) Sdn. Bhd. (2010) reported in their
Environmental Impact Assessment (EIA) report that the strongest waves come from the
south direction towards the reef flat whilst the predominant wind direction is from the
north and east. Stronger waves from the South could possibly be attributed due to the
fact that there is an absence of coral reef systems offshore of the southern part of Mabul
Island’s reef platform (as seen in Figure 5.1), which could act as wave breakers for
incoming waves from the open ocean.

North Keeling Island, Cocos (Keeling) Islands.
North Keeling Island also known as Pulau Keeling, is part of the Cocos (Keeling) Islands
group of an isolated atoll rising 5000 m from the seafloor. These islands which are
situated in the East Indian Ocean experience tropical climate with occasional severe
cyclones. Reef islands of Cocos Keeling were initially described by Guppy in the late
1800s (Woodroffe & McLean 1994a) and more information on North Keeling Island has
been compiled in a volume of the Atoll Research Bulletin (Woodroffe 1994). North Keeling
Island experiences dominant wind from the southeast tradewinds throughout the year
with light winds from the northeast direction during the El-Nìno periods with average
tidal range of 1.1 m (Woodroffe 2011). North Keeling is uninhabited whilst other islands
on the atoll namely Home Island and West Island are where the main population resides
and predominantly inhabited by the descendants of Borneo Malays (currently known as
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Cocos Malays) which were brought in to Cocos during the 1930s to serve as labourers
(Woodroffe & Berry 1994).
North Keeling Island is about 26 km away from the main atoll and is currently gazetted
as a National Park since 1995 to protect its unique flora and fauna from human activities
especially the endangered species of seabirds and marine turtles (Director of National
Parks 2015). This island that is approximately 2.2 km2 in size has very minimum human
disturbance, is a shape of a horse shoe with a central lagoon and an opening on the
southeast that is quickly infilling (Adnan, Hamylton & Woodroffe 2016). Woodroffe &
McLean (1994a) stated that North Keeling Island is morphologically different from the
rest of the islands on the southern main atoll and the radiocarbon dating of coral samples
on the southwest boulders indicate that a high energy event such as a cyclone may have
occurred in the last 1500 years contributing to the island building.
Vegetation and geomorphic features of North Keeling Island have been mapped from
aerial photos taken in 1987 and are described in Woodroffe & McLean (1994b) (Refer to
Figure 3.1. page 58). Outcrops of coral conglomerate platform are found along the reef
flat of the eastern to southern part of the island near the entrance to the lagoon and
along the southwest reef flat. Beachrock is also present along the eastern and the
southern shores. The island varies from sand at the north to the western part where
sandy beaches can be seen and becomes coarser towards the south where rubbles and
boulders are present. Pisonia and coconut woodland are dominant vegetation types on
the island and Scaevola and Tournefortia scrubs are mainly found along the eastern
shore and even at the lagoon channel. Vegetation distribution of the island can be seen
in Appendix B.1 and Figure 3.1.
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Methodology
Model construction overview
The methodological components of this chapter can be subdivided into several sections
as illustrated in Figure 5.3:
1)

The derivation of dependent variables using the Digital Shoreline Analysis System
(DSAS) approach (Thieler et al. 2009)

2)

The derivation of independent variables from field data and GIS techniques

3)

The construction of explanatory models

4)

Selection of best models for explanatory purposes.

Figure 5.3: Explanatory Spatial Model construction overview. Figure outlines the steps undertaken
to generate explanatory models based on available data for the study sites.
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Dependent variable generation
Dependent variables selected for this study are the rates of shoreline change derived
using Digital Shoreline Analysis System (DSAS) in ArcGIS, as described in detail in
Chapter 4. End Point Rate (EPR) values which are the average rate (m/yr) of change
over the study period for each island is chosen instead of the Net Shoreline Movement
(NSM) to avoid bias due to the differences in temporal availability of datasets for each
site. Furthermore, it is not known whether the nature of the changes observed is gradual
and incremental or abrupt between the time periods for which images are available. For
Sipadan Island and North Keeling Island, EPR for two proxies which are the edge of
vegetation line (EVL) and base of beach (BB) make up two different dependent variables.
The EVL shoreline is the outer boundary of the vegetation area and is easily
distinguishable due to the colour contrast between vegetation and the surrounding
sediment (Boak & Turner 2005; Mann & Westphal 2016). Base of beach shoreline is
where the edge of beach sand meets the solid reef flat and is characterised by an abrupt
change in substrate and beach slope (Biribo & Woodroffe 2013; Mann & Westphal 2014)
which is more difficult to visually delineate from images compared to the EVL.
Nevertheless, as described in section 4.2.1-ii, image enhancement processes within
ArcMap were employed to emphasise the base of beach and locate it for digitisation as
precisely as possible. EVL shoreline is not used in the model development for Mabul
Island due to the placement of building structures around the island which often conflict
with the area of EVL on the shoreline, and consequently masks the natural EVL as a
shoreline proxy.
Dependent variables for Sipadan and Mabul Islands were further subdivided into different
temporal groups for means of developing explanatory models that could best explain
various types of shoreline changes. These different temporal groups of shoreline change
are based on image availability for the study sites and are defined as follow:
i)

ALL

= shoreline change rate based on analysis of oldest and latest images of

the study site regardless of monsoon period (non-monsoon period);
ii)

NEM

= shoreline change rate based on analysis of oldest and latest available

images of the study site representing the northeast monsoon period (end of October to
early May); and
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iii)

SWM

= shoreline change rate based on analysis of oldest and latest available

images of the study site representing the southwest monsoon period (end of May to
early October).
The values of EPR were selected based on the closest transects to the sample locations
around the island periphery (which represent the spatial locations around the island) are
shown in Appendix B.2.a, B.4.a. and B.6.a for Sipadan, Mabul and North Keeling Islands
respectively. The dependent and independent variables employed in this study are listed
in Table 5.2.

Independent variable generation
Independent variables were derived from a combination of field data, published literature
and maps to represent several environmental controls on reef island dynamics such as
beach morphology (sediment characteristics, selected geomorphic features), vegetation
characteristics, distance from reef edge, aspect and presence of infrastructures. These
variables are listed in the following Table 5.2.
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Table 5.2: List of dependent and independent variables adopted in the development of spatial
models. (Y= variables included in this study)
North
Sipadan
Mabul
Variables
Keeling
Island
Island
Island
Dependent variables
Shoreline change rate (EPR)

Edge of Vegetation Line – NEM
Edge of Vegetation Line – SWM
Edge of Vegetation Line – ALL
Base of Beach – NEM
Base of Beach – SWM
Base of Beach – ALL

Y
Y
Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Independent variables
Main sediment type (%)

Gravel, Sand, Silt
Sediment particle size (%)

Medium Gravel (-3 Ø)
Fine Gravel (-2 Ø)
Very Fine Gravel (-1 Ø)
Very Coarse Sand (0 Ø)
Coarse Sand (1 Ø)
Medium Sand (2 Ø)
Fine Sand (3 Ø)
Very Fine Sand (4 Ø)
Very Coarse Silt (5 Ø)
Coarse Silt (6 Ø)
Sediment particle size statistical
analysis

Mean, Sorting, Skewness, Kurtosis
Vegetation Height (m)
Distance from Reef Edge (m)
Aspect/Direction

Y

Y

Y

Y

Y

Y

Y

Y

2

Features within 100 m boundary

Structure Width (m)
Structure Depth (m)
Offshore structure length (m)
Area of structure cover (%)
Area of vegetation cover (%)
Vegetation width (m)

Y
Y
Y
Y
Y
Y

Geomorphic features

Width & depth of beachrock (m)
Width & depth of conglomerate platform (m)
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Y
Y

Sediment characteristics
Surficial beach sediments around the island periphery were collected for Sipadan and
Mabul islands during a field visit in February 2016 whereas sediments for North Keeling
were collected by representatives from Parks Australia based in the Cocos Keeling Islands
in November 2016. Sampling locations were recorded with a handheld GPS (Garmin
GPS72 (accuracy ± 3 m)).
Samples were stirred with clean water, left to soak over 24 hours and carefully drained
and further replaced with new batch of water. This step was replicated three times to
remove salt from the samples, which were subsequently dried in the oven with
temperature of 65 degrees Celsius overnight to remove moisture. Dried samples were
weighed prior to sieving to use for the overall percentage calculation of grain size
analysis. Sieving was done manually for 1 phi intervals from -3 to 0 phi and samples
finer than 0 phi were analysed using the Malvern Mastersizer 2000 (Malvern Instruments
limited, Malvern, UK). Grain-size distributions and classes were analysed using the
GRADISTAT program following the Logarithmic (Original) Folk and Ward (1957)
Graphical Measures that allows derivation of statistical parameters for each sample such
as mean, sorting, skewness and kurtosis (Blott & Pye 2001). These statistical parameters
together with the grain-size classes ranging from gravel to silt (1 phi intervals) were
selected as independent variables employed for the model generation. The results of
sediment particle size classes generated from GRADISTAT and statistical parameters for
all sediment samples from each of the islands Sipadan, Mabul and North Keeling are
shown in Appendix B.2.c, B.4.c and B.6.c respectively. Table 5.3 below is the description
of the statistical parameters for all the sediment samples.
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Table 5.3: Description for the statistical parameters for sediment analysis analysed using Gradistat
following the Logarithmic (Original) Folk and Ward (1957) graphical measures in Blott & Pye
(2001). Ø are sediment particle size diameters, in phi units.
Sorting (𝜎1 )

𝜎1 =

Skewness (𝑆𝑘1 )

∅84 − ∅16 ∅95 − ∅5
+
4
6.6

Very well sorted

< 0.35

𝑆𝑘1
∅16 + ∅84 − 2∅50
=
2(∅84 − ∅16 )
∅5 + ∅95 − 2∅50
+
2(∅95 − ∅5 )

Kurtosis (𝐾𝐺 )

𝐾𝐺 =

∅95 − ∅5
2.44(∅75 − ∅25 )

Very fine skewed

+

0.3 to +1.0

Very platykurtic

< 0.67

0.1 to +0.3

Platykurtic

0.67 – 0.90

0.1 to -0.1

Mesokurtic

0.90 – 1.11

0.1 to -0.3

Well sorted

0.35 – 0.50

Fine skewed

+

Moderately well sorted

0.50 – 0.70

Symmetrical

+

Moderately sorted

0.70 – 1.00

Coarse skewed

-

Leptokurtic

1.11 – 1.50

Poorly sorted

1.00 – 2.00

Very coarse skewed

-

Very leptokurtic

1.50 – 3.00

Very poorly sorted

2.00 – 4.00

Extremely poorly
sorted

0.3 to -1.0

Extremely leptokurtic

> 3.00

> 4.00

Vegetation Height
Vegetation height is a representative descriptor of the types, particularly the successional
stages of vegetation present on the islands. Pioneer vegetation or creepers usually will
not exceed 0.5 m in height, whilst shrubs could reach to 5-10 m and tall forest type
vegetation could reach more than 20 m as seen on Sipadan Island (UKM 1990). Pioneer
vegetation such as creepers usually have shorter root structures that do not penetrate
deep below the surface, whilst taller sturdier forest type trees have stronger root
structures that anchor deeper into the ground (Feagin et al. 2015). Taller trees provide
more stability to the shoreline by providing resistance against erosion from stronger
waves through the protection they are able to provide through their root system.
However, pioneer vegetation such as creepers grows well at areas of lower energy, which
are usually areas that are suitable or most likely to experience sediment deposition
leading to beach accretion (Heatwole 2011; Bitton & Hesp 2013). Vegetation height for
Sipadan and North Keeling Islands, where vegetation was present near each sampling
123

location, was estimated based on existing literature, field measurements using a survey
staff and then compared to photographs collected around the islands as well as the 1987
vegetation map of North Keeling (Woodroffe & McLean 1994b) and 2011 map provided
by Geoscience Australia (refer to Figure 3.1 and Appendix B1 for these vegetation maps).
This variable was not included in the regression analysis for Mabul Island due to the
presence of structures around the island which could mask the natural edge of vegetation
line (EVL) proxy.

Figure 5.4: Development structures and vegetation on Mabul Island shoreline. a) 2015 Worldview2 satellite image of Mabul Island. Pictures b to f show vegetation and development structures
that occupy the shoreline together.
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Distance from reef edge
The outer reef flat edge was digitised to indicate the extent of reef platforms from the
latest image available for all islands. Reef platforms provide foundations for reef growth
and consequently accommodation space for sediment accumulation permitting island
growth and extension under suitable environmental conditions (Barry, Cowell &
Woodroffe 2007; McKoy, Kennedy & Kench 2010; Hamylton 2014; Woodroffe & Webster
2014). Due to the difficulty of identifying the reef edge for North Keeling Island, the
1987 survey map (Woodroffe & McLean 1994b) was georeferenced and overlaid on the
2011 and 1987 aerial image for digitisation. Waves will break at the edge of the reef flat
which is where the reef crest is and this was adopted as a basis to estimate the reef
edge for North Keeling Island. Wave energy decreases from the reef crest towards the
shoreline (Brander, Kench & Hart 2004) and therefore, the distance of a shoreline from
the reef edge is inferred to reflect the wave energy potentially influencing the
corresponding section of a shoreline to change. Distance of each sample stations (beach)
to the reef edge were calculated using the Euclidean Distance tool in ArcGIS 10.2.

Aspect/Direction
The shorelines are influenced by wind from different directions and therefore aspect was
selected as an independent variable to determine whether the shorelines facing different
cardinal directions were subject to different wind and wave energy regimes,
underpinning variability in shoreline changes. Each data location for the independent
variables is given a value (0 to 359) indicating its compass direction in relation to the
island centroid generated using ArcGIS 10.2. North Keeling (Cocos Keeling Islands)
experience dominant wind direction from the east-southeast (ESE) and southeast (SE)
throughout the year. Whilst Sipadan and Mabul Islands are influenced by two different
monsoonal wind wave regimes due to the changing Northeast and Southwest monsoons.

Building structures and vegetation cover (Mabul Island)
Natural sediment transport and deposition pathways can be disrupted due to the
presence of coastal structures that modify the direction of the natural hydrodynamic
regime (Hamylton & East 2012; Biribo & Woodroffe 2013). These structures, both on
and offshore, include local housing and tourist accommodation, jetties, retention walls
and public infrastructures are commonly found on tourism-based reef islands such as
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Mabul Island. At Mabul Island, most offshore structures are built on stilts, which permit
natural movements of waves and currents, but the foundation structures may indirectly
alter sediment transport and accretion processes.
For this study, presence of structures on the shoreline is quantified into four different
variables which are 1) structure width; 2) structure depth; 3) percentage of structure
cover; and 4) length of offshore structures. These variables seek to understand how
building structures built on reef islands can influence shoreline change. Similarly, on
some sections of the shoreline, vegetation may be present together with or without the
building structures. Therefore, vegetation was also quantified in terms of 1) vegetation
width and 2) percentage of vegetation cover to generate independent variables for the
spatial model. The diagram in Figure 5.5 details the quantification of building structures
and vegetation cover on Mabul Island for the purpose of inclusion into the spatial model.

Figure 5.5: Quantification of building structures on Mabul Island for the purpose of spatial
modelling. Labels A to D show the quantified variables adopted in this study that represent
presence of building structures along the shore. A: Structure/vegetation width = the length of
coast (per 100 m) that is occupied by building structures/vegetation at each sampling points; B:
Structure depth = the inland distance (maximum distance of 50 m from the shoreline) that is
occupied by building structures at each sampling points; C: Percentage of structure/vegetation
cover = amount of land area cover occupied by building structures/vegetation within 100 m2 of
each sampling points; and D: Length of offshore structures = the length of structures that are
built seawards such as jetties are quantified by giving scores of 1 to 5, in which 0 represents no
presence of offshore structures and 5 is for structures with length >300 m. Offshore structures
with lengths ranging between 1-100 m, 101-200 m, 201-300 m are represented by scores 2, 3
and 4 respectively.
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Geomorphic features
The presence of relict beachrock may indicate former existence of a larger island which
were usually found on barrier reefs and lagoon patch reefs (Stoddart & Steers 1977).
The presence of beachrock and conglomerate outcrops as a result of cementation and
lithification of sediment on reef platforms can protect cays from erosion and hence plays
a role in island protection and stabilisation (Woodroffe 2008). At North Keeling Island,
areas of conglomerate platform and beachrock were identified from the 2011 aerial
photo of North Keeling (Figure 5.1.d, page 113) and the North Keeling Island mapped
from 1987 aerial photos as seen in Figure 3.1 (page 58) (Woodroffe & McLean 1994b).
These features were subsequently quantified in terms of width (within 100 m shoreline
length) and depth (maximum seaward distance) from the sediment sample locations to
generate independent variables for the spatial model.

Spatial regression
Statistical analysis procedures for the construction of the model to explain the drivers of
shoreline changes follow the approaches of Hamylton & Puotinen (2015) and Hamylton
(2017b). Spatially lagged autoregression procedures were carried out to model the
shoreline change rate for each island based on each dependent variable (μ=dependent
variables) as a function of the local environmental settings captured by the explanatory
variables.
Shapefiles were created in ArcGIS to store information on the variables and their relative
geographical locations for further analysis in GeoDa, a spatial data analysis software
program (Anselin, Syabri & Kho 2006). Incorporation of locations of each individual point
through spatially an explicit autoregressive component into the model equation for each
island is important to avoid violating the assumption of independence of observations
(Hamylton & Puotinen 2015) where points that are closer together are given more weight
and assumed to behave more similar than points that are further apart. For this purpose,
a spatial weights matrix (w(i,j)) was constructed to integrate the spatial autocorrelation
of the nature of shoreline character by drawing explicitly on the location of each
individual point around the island periphery and further used in the regression of the
derived dependent and independent variables. This approach introduces the values of
the dependent variable Y (shoreline change rate) at neighbouring locations into the
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model specification as a function of one or more independent variables (X) as described
in Hamylton (2017b):
𝑌(𝑖) = 𝛽0 + 𝛽1 𝑋1 (𝑖) + 𝛽2 𝑋2 (𝑖) + ⋯ + 𝛽𝑘 𝑋𝑘 (𝑖) + 𝑒(𝑖),

𝑖 = 1, … , 𝑛

𝛽0 𝑡𝑜 𝛽𝑘 = coefficients estimated empirically from the model
𝑋1 − 𝑋𝑘 = explanatory variables
𝑒(𝑖) = independent normally distributed error term
𝑖 and 𝑘 = location 𝑖 and total number of independent variables

To meet the statistical assumptions of regression, the raw data were tested for multicollinearity prior to conducting spatial regression. The independent variables should not
be correlated with each other (r< 0.7) and to conform to this, a correlation matrix was
generated for each independent variable representing Sipadan, Mabul and North Keeling
islands as shown in Appendix B3, B5 and B7 respectively. Spatially lagged regressions
were implemented in GeoDa to iteratively test various combinations of independent
variables in a model building manner known as ‘simple to many’ (Hamylton 2017b).
Variables that were highly correlated with each other were not included as independent
variable in the same regression. This tested the performance of many models at
explaining the observed variation in shoreline change around the island periphery for
different proxies and different temporal datasets. Combinations of explanatory variables
that gave statistically significant regression results were selected for model development.

Identifying outliers
Some points in a dataset may have values that differ substantially from the rest which
can be referred to as outliers (Hamylton 2017b). It is important to identify presence of
outliers as they may potentially have a strong influence on an estimate of a parameter
of a model that is being fitted to the data. In many cases, they may also provide clues
as to information that is missing from the model. Outliers for each selected model were
identified by examining the points that had the largest difference in value between the
actual and predicted shoreline change rate as shown in the regression diagnostic
summary in GeoDa in Appendix B.8 to B.16.
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Results
Dependent variables
Sipadan Island
Shoreline change rates that were derived for 405 transects at 5 m spacing around
Sipadan Island showed considerable spatial and temporal variations of change over time.
Results also indicated that the two different shoreline proxies adopted in this study, the
base of beach (BB) and edge of vegetation line (EVL), behaved differently, where rates
of shoreline change around the island differed between these two proxies. Analysis of
change for BB shoreline from December 2009 to May 2010 which represents a change
from NEM to the end of Inter monsoon period (indicating beginning of SWM), showed
that 62% of the shoreline had net erosion noticeably on the northern part of the island
where loss of beach up to 30 m was recorded. Concurrently, accretion of up to 17 m was
observed on the northwestern beach where the accumulated sand formed a sand spit
and also along the eastern shore resulting in increase in beach width (Figure 5.6.a).
Conversely, from May 2010 to August 2010 as the SWM progressed, the sand spit at the
north switched to the opposite direction and the eastern shore adopted an erosional
state (Figure 5.6.b). Generally, the EVL shoreline did not change between seasons as
notable changes were not observed around the island periphery (Figure 5.6.c & d).
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Figure 5.6: Comparison between BB and EVL shoreline change of Sipadan Island between
seasons. (NSM = net shoreline movement, NEM = Northeast monsoon, ITM = Inter monsoon,
SWM = Southwest monsoon). a) and b) are BB shoreline changes; c) and d) represent EVL
shoreline changes. Rate of shoreline change from NEM to ITM (end of NEM period and beginning
of SWM) are shown in a) for BB and c) for EVL proxies. Rate of shoreline change from ITM to
SWM are shown in b) for BB and d) for EVL proxies.

Different combinations of temporal datasets revealed that the average rates of shoreline
change per year (EPR) were not similar. However, all BB shoreline positions depicting
change of 32 years (Figure 5.7.a), 31 years (Figure 5.7.b) and 28 years (Figure 5.7.c)
denoted substantial erosion at the northern, northwestern, southern and southeastern
beaches. As a result of shoreline retreat at these sections, the island has become more
elliptical in shape. In contrast, accretion was observed at the eastern part of the island,
leading to increase in beach width reaching up to 43.9 m (1.37 m/year) to 45.1 m (1.61
m/year) over periods between 28 to 32 years. EVL showed similar movements over the
same period as seen in Figure 5.7.d, e and f. The contrasting nature between accreting
and eroding shorelines of Sipadan Island is displayed in Figure 4.8 (Chapter 4, page 93,
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section 4.3.1.1) where narrowing of beach and uprooted/fallen trees were observed on
the west (eroding section) and accreting area on the east has larger beach width with
pioneer vegetation predominantly growing.

Figure 5.7: Dependent variable values generated for Sipadan Island from DSAS (Digital Shoreline
Analysis System) based on different group of temporal datasets (i.e. described in 5.2.2). Average
rate of change (EPR) measured using the base of beach (BB) shorelines are shown in a, b and c.
Change in edge of vegetation line (EVL) shoreline positions are shown in d, e and f. Sampling
locations where data are available for development of spatial models are indicated as black dots
in the images.
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The changes in the position of BB denote net loss of beach area ranging from to 0.025
km2, 0.014 km2 and 0.006 km2 for the timeframes 1978 to 2010 (ALL), 1978 to 2009
(NEM) and 1982 to 2010 (SWM) respectively. The EVL shorelines for change analysis of
ALL and NEM timeframes indicated that the vegetation area on Sipadan Island had
increased over time with net areal increase of 0.0028 km2 and 0.0034 km2 respectively.
However, the shorelines representing SWM revealed a contrasting result, where a net
loss of 0.043 km2 (2.9%) of vegetation area was observed from 1982 to 2010 with an
average rate of -0.015 km2/yr. The maximum progradation rate of 1.26 m/year and
retreat reaching up 2.2 m/year was observed for EVL shoreline over the same period.
Overall, the positions of shorelines over time indicate that the island is eroding on the
west and accreting on the east. It is likely that the accumulation of beach material on
the eastern shores have covered areas of beachrock on the east coast that were mapped
previously by Wood (1987b), UKM (1990) and LESTARI (2006).

Mabul Island
Shorelines representing the base of beach (BB) for Mabul Island were able to be derived
from the images acquired in June 2009 (SWM), December 2009 (NEM) and August 2010
(SWM). The availability of datasets within a span of a monsoonal cycle (SWM to NEM to
SWM; June 2009 to December 2009 to August 2010) offered the opportunity to assess
the influence of changing monsoons on shoreline dynamics of this highly
disturbed/developed reef island. Figure 5.8.A illustrates the Net Shoreline Movement
(total amount of change) of BB shoreline between consecutive monsoons. Change rates
derived from using the BB proxy showed substantial differences in positions between
seasons at the northwestern and northeastern sections of the island. Analysis of change
from June 2009 to December 2009 which represents change from SWM to NEM showed
that accretion is dominant along the shorelines with 83% of the transects having positive
values noticeably on the northwestern part of the island where maximum progradation
of shoreline up to 37.03 m was recorded. During the Northeast monsoon (NEM),
substantial accretions of 20-30 m could be seen at the northeastern beach area which is
occupied with local houses as seen in pictures in Figure 5.8.B. During this period, only
17% of the shoreline retreated, with a maximum value of -8.48 m. By contrast, between
December 2009 and August 2010 where monsoon changed from NEM to SWM, the BB
position indicated an erosive trend where 75% of the transects had negative values (see
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Figure 5.8.A.b). Similarly, the sections that denote substantial change occurred at the
same locations which were the northwestern and northeastern beach where a maximum
retreat of up to -36.5 m was recorded for these areas (see inset photos in Figure 5.8.B).

Figure 5.8: A) Shoreline change measured using base of beach (BB) proxy for Mabul Island for
three sequential seasons. (NSM = net shoreline movement). a) Change of shoreline from
Southwest monsoon (SWM) to Northeast monsoon (NEM) indicating accretion along the
northwest to northeast area. b) Change of shoreline position from NEM to SWM shows that
northwest and northeast areas are eroding. B): Images of sections labelled i) and ii) in Figure A
for corresponding shoreline dates denote changing BB positions between seasons.
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Similar to shoreline change results obtained for Sipadan Island, the EPR values for BB
shorelines generated for different combinations of temporal datasets were variable as
illustrated in Figure 5.9. Figure 5.9.a below illustrate the comparison of shoreline
positions of the oldest (1998) and latest (2015) available dataset (i.e. timeframe
represented by ALL), which denotes significant erosion on the northwest to westnorthwest (WNW) and northeast to south-southeast (SSE) beach area which led to
substantial net area loss of 0.028 km2 (-9.4%) over 17 years with maximum shoreline
retreat rate up to -99.51 m (-5.85 m/year) along the latter beach. From the available
images of Mabul Island (refer to Appendix A2), it could be deduced that massive erosion
events occurred after the year 1998 but before 2006 as a retention wall could be
detected along the east to south-southeast coast from the latter image. The exact date
when the significant erosion event occurred and when the retention wall was built could
not be confirmed due to the temporal gap of the available dataset.
The oldest and latest dataset representing NEM showed that between the year 2009 and
2015, the shoreline had retreated at the northwestern and northeastern beach whereas
accretion was observed at the northern part of the island with EPR values ranging from
-5.89 to 3.93 m/year over the six year period (Figure 5.9.b). Whereas EPR values
generated for shorelines during the SWM (Figure 5.9.c) denote higher erosion rates of
up to -8.63 m/year due to the inclusion of the oldest dataset of 1998. Shorelines along
the west-northwest to south denote coastal stability, in which there was no change in
position of BB throughout the study period. The amount of building structures on Mabul
Island has increased substantially over the years. Around the island periphery, structures
heavily occupy the beach area along the northwestern to the southern coast and even
extending offshore. In contrast, on the opposite side of the island, structures are built
inland mostly avoiding the beach area and the beach area is found to be wider here.
Vegetation occupies most of the island area but is being cleared to provide space for
developments. Based on the multitemporal analysis of the BB shorelines, the southern
shoreline adopted an erosional state whereas the northwest and northeast beaches
fluctuates between seasons.

134

Figure 5.9: Dependent variable values generated for Mabul Island from DSAS (Digital Shoreline
Analysis System) based on different group of temporal datasets (i.e. described in 5.2.2). Yearly
average rate of change (EPR) measured using the base of beach (BB) shorelines are shown in a,
b and c. Seventeen sampling locations where data are available for development of spatial models
are indicated as black dots in the images. Pictures d, e and f are enlarged sections of Mabul Island
coasts of the corresponding inset boxes denoting shoreline change behaviours for each temporal
group.
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North Keeling Island
Shoreline change analysis, as shown in Figure 5.10, for the period of 24 years at North
Keeling Island indicated that the base of beach (BB) and edge of vegetation line (EVL)
did not show a similar trend around the island periphery except for some specific
locations (Adnan, Hamylton & Woodroffe 2016). BB showed that higher rates of shoreline
retreat occurred at various locations noticeably at the southeastern shore indicating a
loss of beach width up to -49.5 m (-2.06 m/year), eastern area near the lagoon entrance,
northwest sandy beach and along the south to the southwestern shores (Figure 5.10a).
Along the northwest to north-northwest shore, a net retreat of shoreline up to -40.26 m
(-1.68 m/year) was recorded causing a reduction in beach area. In contrast, the
neighbouring shore from north-northwest to north-northeast displayed significant
accretion over the study period. Substantial seaward movement of BB shoreline was
observed at the lagoonal entrance with EPR rate up to 5.5 m/year increasing the BB
width up to 132.8 m. At some locations, changes in the position of the base of the beach
are consistent with changes in the position of the vegetation line. Such similarities are
seen along the southwest to southeast and along the lagoon entrance up to the
beachrock area on the northeastern section of the island. Whilst BB displayed both
eroding and accreting shoreline along the north to northwest sandy beach, here EVL
indicated an erosional trend of less than 1 m/year. Since 1987, North Keeling island area
only increased about 0.003 km2 which is about 0.14% and EVL shoreline showed a net
loss of 0.007 km2. Paradoxically, although the EVL shoreline along the island periphery
is measured to be retreating, the inner lagoon is being infilled and vegetation colonisation
is increasing, consequently expanding the area of vegetation. No apparent change in
island shape is observed.
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Figure 5.10: Dependent variable values generated for North Keeling Island from DSAS (Digital
Shoreline Analysis System) based on oldest and latest image. Yearly average rate of change (EPR)
measured using the base of beach (BB) and edge of vegetation line (EVL) shorelines are shown
in a) and b) respectively. 21 sampling locations where data are available for development of
spatial models are indicated as black dots in the images. Pictures c) and d) are enlarged sections
of North Keeling Island coasts of the corresponding inset boxes denoting shoreline change
behaviours for year 1987 and 2011.
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Derivation of information on explanatory variables
Sipadan Island
Results depicting the independent variables for Sipadan Island are shown in Figure 5.11.
The sedimentological analysis conducted for 12 surficial samples revealed that Sipadan
Island is sandy in characteristic. Although sand is dominant in all samples, very minor
presence of very fine gravels were detected at the south-southeast and east locations.
Mean grain size ranged between 0.58 to 1.68 phi indicating coarse to medium sand is
dominant on the island beach. Sand along the eastern beach was coarser and is poorly
sorted in comparison to the other parts of the shoreline. Beach along the NNE to WNW
predominantly comprise of moderately well sorted medium grain sand. Statistical
analysis using the Gradistat programme further revealed that Kurtosis ranged from 0.74
to 1.35 and more samples were negatively skewed especially along the north-northwest
to southeastern shore.
Sipadan Island is developed on the northeastern edge of its reef platform and the
distance between the north-northwest beach to the reef edge is only about 46 m. The
distance of sample locations to its corresponding reef edge is greatest on the south
because the reef flat is wider to the south. The most southern sample location in this
modelling exercise is 587 m away from the reef edge. Sipadan Island has various forest
and coastal vegetation (UKM 1995; LESTARI 2006). Trees such as Tournefortia sp., with
heights that could reach up to 10 m dominated the vegetation line along the NNW to
SSE. In contrast, height of vegetation decreases towards the eastern shoreline. The
eastern shores are flanked by creepers such as Ipomoea sp., shrubs such as Scaevola
and other trees such as Pandanus. Figure 5.12 shows the comparison between
vegetation on the western and eastern shorelines of Sipadan Island.
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Figure 5.11: Independent variables generated for Sipadan Island. Sediment grain composition (in
%) and sample location with respect to the cardinal directions are shown in a) and b) respectively.
Sediment grain size statistical analysis analysed using Gradistat are shown in c) mean, d) sorting,
e) skewness; and f) kurtosis. The information on distance of sample locations to the reef edge is
displayed in g) and h) shows the vegetation height near the sample locations.

139

Figure 5.12: Vegetation on the western and eastern shorelines of Sipadan Island. Picture A is
Sipadan Island viewed from the south. Pictures i) to iv) shows taller type vegetation (e.g.
Calophyllum inophyllum, Tournefortia argentea and Ficus sp.) that occurred on the western
shoreline and uprootedTournefortia argentea is clearly seen in picture iii) and iv). Pictures v) to
vii) show coastal vegetation such as creepers (Ipomoea sp.), Pandanus sp., bushes (Sesuvium
portulacastrum, Scaevola taccada) and shrubs (Tournefortia argentea, Guettarda speciosa) on
the eastern beach.

Mabul Island
Results depicting the independent variables for Mabul Island are shown in Figure 5.13
and 5.14. Surface sediment around Mabul Island are of sand type with some minor
components of gravels present in the samples. Mean grain size ranged between -0.67 to
1.64 phi and very coarse to coarse sand type dominated the coasts. Beach areas near
the local village, situated on the ENE part of the island were predominantly of finer grain
sand. Percentage of very fine gravel and very coarse sand was highest on the E and ESE
beach, making up to >85% of the sediment composition and this amount decreased
towards the southern area of the island. Sediment was mostly moderately or poorly
sorted around the island periphery with exceptions along the ENE to ESE where they are
moderately-well sorted. Values indicating skewness type ranged between -0.24 to 0.24
where most locations fall within the symmetrical or fine skewed group. Only three points
were of coarse skewed type displaying high negative values, two at the south and one
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on the eastern shores. Statistical analysis also revealed that the samples had Kurtosis
values that ranged between 0.82 to 1.34.

Figure 5.13: Results for independent variables representing sediment characteristics and distance
from reef edge for Mabul Island. Sediment characteristics and distance of sample locations
(numbered 1 to 17) to the reef edge representing independent variables for Mabul Island in the
spatial model are shown in a) to e) and f) respectively. a) Sediment grain composition (in %);
Sediment grain size statistical analysis analysed using Gradistat are shown in b) mean, c) sorting,
d) skewness, e) kurtosis; and distance of sample locations to the reef edge is shown in f).
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Figure 5.14: Independent variables derived from quantification of building structures and
vegetation cover present on shorelines of Mabul Island for the spatial model. These variables
representing the sampling locations numbered 1-17 are a) structure width; b) structure depth; c)
offshore structure length; d) percentage of structure cover; e) percentage of vegetation cover;
and f) vegetation width on the shoreline.

Similar to Sipadan Island, Mabul Island is also developed on the northwestern margin of
the elliptical shaped reef platform as seen in Figure 5.1. The shorelines along the NNW
to NE were closest in distance to the reef edge (151 to 200 m) and developed in parallel
to the shape of reef edge. Points on the southern shores were furthest away from the
reef edge with distance up to 680 m. It is apparent from the satellite image that Mabul
Island is vegetated in the centre and is densely occupied by building structures around
the island periphery. Quantification to include presence of building structures as
explanatory variables showed that only two locations (10 and 14) located on the N and
NNW beach did not have any structures onshore or offshore within 100 square metres
of their surroundings. At some locations, vegetation were also present alongside the
structures and covering surface area up to 23% within the 100m2 boundary. The widths
of vegetation along the shoreline, where the sample locations are located, were also
measured ranging from 0 to 100 m and revealed that areas with least development
structures coincided with more vegetation cover on the shoreline. Vegetation were
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present on the southern and eastern beaches, which they occupied the shoreline widths
up to 100 m within the 100m2 boundary.

North Keeling Island
Results depicting the independent variables for North Keeling Island are shown in Figure
5.15 and 5.16. Sediment analysis revealed that grain size varies along the shorelines of
North Keeling Island with mean phi values between -3.49 to 1.37 having gravelly and
sandy characteristics. Sand is predominant along the NW to NE, where beachrock and
conglomerate outcrops were not present, creating areas of sandy beach. Here, sand is
moderately sorted having skewness values between -0.06 to 0.35 and kurtosis of 0.9. In
contrast, the ENE (No.3), (No. 4), SSE (No. 9), and SSW (No. 15, 16) locations had the
highest percentage of gravel, from 81 to 100% which coincide with areas of
conglomerate outcrops. Generally, sediment along the lagoonal area from the ESE to the
SW was poorly sorted, with some exceptions for several locations where gravel was
dominant (very coarse skewed), sediment was better sorted.
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Figure 5.15: Sediment characteristics of samples at locations numbered 1 to 21 representing independent variables for North Keeling Island. Composition of
sediment particle size classes and main group are shown in pictures a) and b) respectively. Sample locations with respect to the cardinal directions are
shown in c). Statistical analysis results analysed for sediment grain size using GRADISTAT are shown in d) mean, e) sorting, f) skewness and g) kurtosis. ;
and distance of sample locations to the reef edge is shown in f). Detail values of the variables are given in Appendix B.6.c.
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Figure 5.16: Independent variables derived from distance to reef edge, vegetation height,
quantification of conglomerate platform and beachrock around North Keeling Island for the
spatial model. These variables representing the sampling locations numbered 1-21 are a)
distance from reef edge; b) vegetation height; c) conglomerate width; d) conglomerate depth;
e) beachrock width; and f) beachrock depth on the shoreline. Conglomerate/beachrock depth
= the length across the feature from the shoreline to seaward edge of the feature.

North Keeling Island occupies almost the entire reef platform and this is reflected
through the shorter distance measured from the sample locations to the reef edge
(37 to <200 m) along the entire periphery except on the ESE to SE coast where the
lagoon entrance is located. Here, the distance between the shoreline to the reef edge
is the greatest reaching up to almost 400 m. Vegetation is present along the entire
island periphery except at the lagoon entrance where these points will have 0
vegetation height. Heliotropium foertherianum (also known as Tournefortia or Argusia

argantea) and Cocos nucifera which are dominant along the shoreline from SSW to
NNE were estimated to be from 5 to 10 m in height. Bushes and scrubs such as

Heliotropium foertherianum and Pemphis acidula that prevails on the eastern
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shoreline have heights reaching up to 5 m. sample locations at areas where
conglomerate outcrops are present, which can be seen along the ENE to WSW coasts,
have higher values of conglomerate width and depth. Similarly, locations where
beachrock is present which is on the NE, E, ESE and southern part of the North Keeling
Island have higher values for this variable.

Spatially explicit regression model
Summary for the highest performing variables of autoregressive spatial models for
Sipadan, Mabul and North Keeling Islands is shown in Table 5.4. All the input variables
were significant, and all spatially lagged regression models explained more than 60%
(R2 > 0.60) of the shoreline variables within the study areas, with the exception for
base of beach (BB) shoreline at North Keeling Island. Statistical regression to test for
multicollinearity revealed that the distinct explanatory variables of each models were
not associated with each other (r < 0.7).
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Table 5.4: Summary of results and diagnostics for the spatial lag model.
Island
Sipadan

Proxy
BB

EVL

EVL

EVL

Mabul

BB

Dependent R2
Variable
NEM

nil

ALL

nil

SWM

ALL

NEM

SWM

ALL

North
Keeling

BB

EVL

0.70 Vegetation Height

SWM

NEM

ALL

ALL

Independent
Variable

Coefficient Standard Probability Zerror
value
-0.05

0.02

0.03

-2.21

-1.01

0.44

0.02

-2.30

Very Fine Gravel

1.86

0.56

0.00

3.32

Very Fine Sand

-0.43

0.11

0.00

-3.96

Skewness

2.53

0.89

0.00

2.83

-0.97

0.40

0.02

-2.39

Very Fine Gravel

0.97

0.52

0.06

1.85

Very Fine Sand

-0.25

0.11

0.02

-2.39

Skewness

2.00

0.84

0.02

2.37

0.77 Mean

0.77 Mean

0.78 Mean

-1.26

0.45

0.00

-2.83

Skewness

3.23

0.90

0.00

3.60

Very Fine Gravel

2.10

0.57

0.00

3.72

Very Fine Sand

-0.47

0.11

0.00

-4.26

0.64 Coarse Sand
Distance from
Reef Edge
Width of
vegetation area

0.06

0.03

0.01

2.50

0.00

0.00

0.02

-2.30

0.02

0.01

0.01

2.73

0.72 Medium Sand

0.07

0.02

0.00

2.85

Coarse Sand

0.16

0.05

0.00

3.62

Very Fine Sand
Structure Length
(Offshore)

-1.68

0.77

0.00

-2.19

0.99

0.39

0.01

2.57

0.05

0.02

0.01

2.62

Coarse Sand

0.15

0.04

0.00

3.88

Very Fine Sand
Structure Length
(Offshore)

-1.35

0.63

0.03

-2.14

0.73

0.32

0.02

2.29

0.50 Distance from Reef
Edge

0.00

0.00

0.01

2.69

0.53 Conglomerate
Depth

0.01

0.00

0.00

2.84

0.75 Distance from Reef
Edge
Very Fine Sand

0.03

0.00

0.00

7.25

-1.61

0.64

0.01

-2.50

0.70 Medium Sand
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Sipadan Island
For Sipadan Island, no models could be developed to explain the variation of base of
Beach (BB) shorelines derived from temporal datasets representing the Southwest
monsoon (SWM) and the non-monsoon group (ALL). Nonetheless, for the model
representing BB shoreline change of NEM, vegetation height was negatively correlated
with average rate of shoreline change (EPR) and this model explained 70% of the
variation in shoreline change around the island. However, by using the edge of
vegetation line (EVL) proxy, high performing models were able to be developed, for
the NEM, SWM and ALL shoreline change group in which the models explained 77%,
77% and 78% of the EVL variations respectively. All three of these models were
consistent in having similar distinct variables where mean grain size and very fine
sand were negatively correlated, and very fine gravel and skewness were positively
correlated with rate of EVL change around Sipadan Island. Regression diagnostics
revealed that outliers coincide with areas where beachrock is indicated at the eastern
side but is no longer exposed, SSW area where an old lighthouse was built and on
the north where building structures were present.

Mabul Island
The spatially lagged regression models representing the NEM, SWM and ALL temporal
dataset group explained 64%, 72% and 70% of the variation respectively in BB
shoreline change rates for Mabul Island. Percentage of coarse sand is a consistent
variable for all of these models which showed positive correlation with the BB
shoreline change. Models indicated that grain sizes are strong variables for shoreline
change. For the NEM model, width of vegetated area showed positive correlation and
in contrast distance from reef edge was negatively correlated with BB shoreline
change. Both SWM and ALL model, showed similar distinct variables which were
percentage of coarse sand, medium sand, very fine sand and offshore structure
length. Larger grain sizes represented by coarse and medium grain sand were
positively correlated with rate of shoreline change. Conversely, very fine sand was
negatively correlated with the dependent variable. Presence of building structures
extending offshore was a strong variable for these models, in which had positive
correlations with BB shoreline change. All models had outliers that were located near
an area where building structures are heavily present at the NW, sandy beach at the
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N and next to the retention wall at the eastern shore corresponding to point number
13, 11, 12 and 8 respectively (refer to Figure 5.9, page 135).

North Keeling Island
Regression models explained 50% and 75% of shoreline change variation for BB and
EVL shorelines respectively, at North Keeling Island. The highest performing
explanatory variable for both models was the distance from reef edge, which was
positively correlated with rate of shoreline change. Very fine sand appeared to be the
other strong variable for the EVL model and had negative relationship with shoreline
change. Both BB and EVL shoreline change model indicated outliers located at the
sandy beach, NNW part of the island. In addition, EVL model had outliers located near
the lagoon entrance and one further up NE where beachrock is present.

Discussion
Shorelines of reef islands are continuously changing and explaining the drivers
underpinning this process is challenging as reef islands are highly dynamic and are
influenced by numerous interacting factors that vary spatially and temporally (Mann,
Bayliss-Smith & Westphal 2016). These results of modelling shoreline changes by
using a spatially explicit regression approach have provided important insights on how
spatial models can be applied to assist in identifying key drivers explaining the
observed change for reef islands of different environmental settings, which is an
important research gap in the field of reef island studies. High performing (R2 > 0.6)
spatial models were developed, with an exception for the model for North Keeling BB
(base of beach), for three reef islands that are influenced by varying levels of human
disturbance; Sipadan, Mabul and North Keeling Islands having medium, high and no
human disturbance respectively. The following section discusses the influence of
seasonal oscillation on shoreline dynamics of Sipadan and Mabul Islands, and the
independent variables that have strong influence on shoreline change of the studied
reef islands.
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Seasonal and long term shoreline change (Sipadan and Mabul
Islands)
Sipadan Island
Sipadan Island is an example of a semi-disturbed reef island with minimum building
structures and human activities. Fluctuations of the spit were observed in the north
between short term seasonal changes as seen in Figure 5.6. The development of sand
spit was observed in the northwest during Northeast monsoon and a shift to the
opposite direction during the Southeast monsoon. Sandy beaches of reef islands are
sensitive to changes in predominant wave directions, where shorelines will readjust
their positions due to the shift in nodal point for sand accumulation on the reef
platform (Flood 1986). Therefore, the short term seasonal shoreline change
conducted in this study highlights the importance of acknowledging the dates of
images used in assessing reef island change, because changes in BB shoreline
positions may not necessarily indicate permanent beach loss, but rather a temporary
change due to seasonal oscillation. The BB shoreline was able to capture the short
term changes that occurred on Sipadan Island between the Northeast and Southwest
monsoons as sand is easily reworked, transported and deposited to a different
location due to changes in wave and current directions (Flood 1986; Dawson,
Smithers & Hua 2014). On the other hand, EVL is unable to capture short term
shoreline fluctuations due to the nature of vegetation which have roots that bind to
the sediment making them more resistance to changes in wave energy and directions
(Bayliss-Smith 1988; Heatwole 2011).
Temporal data included in this shoreline change analysis spans three decades and the
shoreline changes that occurred reflects a more persistent long term island change.
Results (in Figure 5.7) provide further information on long term spatial variation
around the island periphery (based on the DSAS method as described in Chapter 4)
for both BB and EVL shorelines. Generally, both BB and EVL indicate erosion in the
north and southwest and particularly beach erosion in the west. On the other hand,
both BB and EVL shorelines indicate that Sipadan Island is accreting in the eastern
side. These eroding and accreting shorelines are consistent with the field observations
conducted in 2016 as seen in Figure 4.8 (refer to section 4.3.1.1., page 93). Sipadan
Island has changed in shape and size, in which the BB proxy indicated an overall
beach loss of 0.0254 km2 since 1978. In contrast, the EVL revealed that there is a
slight increase in vegetation area (about 0.0018 km2) over the same time period.
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Analysis of shoreline positions for 32 years from images dated 1978 to 2010 show
that beach building is occurring on the eastern shores of Sipadan Island, burying the
beachrock that were mapped by Wood (1987) and reported previously by UKM (1990)
and LESTARI (2006).
Spatial models (as listed in Table 5.4, page 147) were developed to explain the
shoreline variation for Sipadan Island. The model for BB shoreline change based on
Northeast monsoon (NEM) revealed that shoreline bordered by taller vegetation (e.g.

Calophyllum inophyllum, Tournefortia argentea and Ficus sp.) indicate erosive
beaches as observed on locations S1, S10, S11 and S11 (refer to Figure 5.11.h)
representing northwest, southwest and western shorelines respectively. Conversely,
shorter vegetation correlates with beach accretion as observed along the eastern
shores. Accumulation of sediment on the upper beach can encourage vegetation
regeneration (Duvat, Salvat & Salmon 2017) which is indicated by the presence of
younger trees and pioneer vegetation on the eastern shoreline of Sipadan Island.
Amongst the dominant shorter vegetation (less than 5 m in height) found on the
eastern shoreline comprise of creepers (Ipomoea sp.), Pandanus, bushes (Sesuvium

portulacastrum, Scaevola taccada) and shrubs (Tournefortia argentea, Guettarda
speciosa) (LESTARI, 2006). These shrubs, for example Tournefortia argentea could
grow up to 10 m over time as observed on the western shoreline. Models for all
temporal group (ALL, NEM and SWM) indicated that sediment characteristics are
important variables in explaining EVL shoreline changes for Sipadan Island. Sediment
particle size in this study is represented by the unit phi, where larger values
correspond to smaller sediment sizes (as seen in Figure 5.11.c. Therefore, the EVL
model indicated that shorelines with lower mean phi value (larger grain size) will
experience vegetation accretion. Whereas, shorelines dominated by finer sediment
(very fine sand) are more likely to undergo erosion.

Mabul Island
Mabul Island is an example of a disturbed reef island where evidence of human
influence on this landform is apparent. The entire western side of the island is
extensively covered with building structures both onshore and offshore. The
northeastern side of the island is also covered by building structures onshore and
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some offshore structures which extends closer to the reef edge. Even with presence
of building structures around the island, short term seasonal differences on base of
beach (BB) shoreline positions can be observed from three consecutive satellite
images representing transition from SWM to NEM and back to SWM, particularly in
the north and northeast beaches (as seen in Figure 5.8). During the Northeast
monsoon (NEM) (Figure 5.8.a), beach accretion was observed on the north and
northeast. In contrast, these same beaches underwent erosion during the Southwest
monsoon (SWM) (Figure 5.8.b).
Large fluctuating shorelines are observed in the north of Mabul Island where sample
stations 9 to 14 are located, which represent island dynamic influenced by monsoonal
changes in wave directions. As seen in Figure 5.9, the western shoreline, in which
building structures were already present since 1998, has remained stable over the
years as shown through the shoreline change analysis conducted for all temporal
group (i.e. ALL, NEM and SWM). However, other sections of the island varied
considerably. Overall there is a net reduction of about 0.028 km2 of land area for
Mabul Island since 1998, most notably at the northwest and southeast coasts (as
seen in Figure 5.9.c). Erosion events coincide with development of infrastructure at
Mabul Island must have occurred post 1998 and prior to 2006, as the retention wall
that was built on the southeastern section to prevent further beach loss was not
present in the 1998 aerial image but was present in the latter. Results suggest that
the nature of shoreline changes on Mabul Island is not gradual but rather abrupt, as
indicated by the images between the different temporal groups. The time period to
which images were available for the Northeast monsoon period (2009-2015) did not
capture the massive erosion along the south-southeast beach, whereas the older
image of 1998 utilised for ALL and SWM temporal group assessments indicated
shoreline retreat of almost 100 m along this beach.
Models developed for Mabul Island indicated that both the density of building
structures and vegetation were strong variables in explaining BB shoreline changes.
The spatial model for BB shoreline change representing NEM temporal group indicated
that occurrence of more vegetation on the shoreline may have provided some
resilience to the sandy beach against erosion and consequently promote beach
accretion. Presence of vegetation on reef islands have been known to impart some
stability and protection against erosion (Mann & Westphal 2014; Duvat & Pillet 2017).
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Sediment particle size also is a strong variable in the models where beaches
predominantly made of coarse and medium sand are less likely to undergo erosion as
observed on the beaches in the NNW to the NE (as seen in Figure 5.9). In comparison,
very fine sand has negative relationship with rate of shoreline change denoting that
erosive shorelines are characterise by finer sediment size. Shorelines that are
predominantly consist of coarser sediment are more resilient to changes than those
dominated of finer sand because more energy is needed to entrain and transport
larger sediment from its location (Perry et al. 2011). Development density also
explains variation of shoreline change rate around the island. This is true for presence
of offshore structures in which the increase in structure length from the shore will
increase beach accretion nearby.

Explanatory variables for long term shoreline change
Vegetation
For the base of beach (BB) shoreline on Sipadan Island, vegetation explained 70% of
the shoreline variation, with taller tree heights corresponding to shoreline retreat.
Taller vegetation had low scores in the model indicating that shorelines lined with
taller vegetation were experiencing erosion. This is a localised situation for Sipadan
Island, where it appears that the beach is getting larger on the east, whereas the
western beach is eroding. Field observations (in January 2016 and November 2017)
revealed marked differences in vegetation type and beach width between the western
and eastern shores. Edge of vegetation line (EVL) at the western shores were
predominantly of older taller forest type trees with a notable absence of low-lying
pioneer vegetation such as Ipomea sp., which, were abundant on the eastern shore.
This can be seen in the photograph in Figure 5.12, page 140. The western beach was
narrower and had lower elevation in comparison to the opposite side of the island.
Undercutting of strand vegetation, exposed tree roots, and especially uprooting of tall
trees are evidence of erosion at this section. Increase in wave energy to the shore
can cause scouring of the beach surface and sediment removal, which if such
conditions persist, will likely remove both low-lying vegetation and the taller forest
vegetation located on the shoreline (Bayliss-Smith, 1988). In contrast, the eastern
shore had higher elevation and wider beach area signifying area of lower energy and
sand accumulation, which promotes the growth of low lying pioneer vegetation such
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as creepers on the surface (Bitton and Hesp, 2013, Heatwole, 2011). Therefore, for
Sipadan Island, the vegetation height variable suggests that beach progradation
corresponds to presence of low-lying pioneer vegetation whereas occurrence of older
taller trees adjacent to the beach indicates erosion. This runs contrary to the idea that
the root systems of more substantive vegetation such as trees impart stability to the
beach sediments. On Mabul Island, even when built structures are abundantly present
along the coast, accretion was observed on beaches where vegetation occurred,
which infers that their presence may have contributed to shoreline stability.

Sediment Characteristics
The regression models revealed that sediment characteristics are drivers of shoreline
change for all three reef islands studied, most significantly for edge of vegetation line
(EVL) shorelines. Variations in sediment particle size around an island relate to
hydrodynamic factors that contribute to its mechanical breakdown, transportation and
location of deposition (Maxwell, Jell & McKellar 1964; Bayliss-Smith 1988; Gourlay
1988; Kench et al. 2008; Hamylton et al. 2016). Finer sands are easily mobilised,
hence, can be transported further away from their source and are deposited in lower
energy areas, which are highly influenced by the changing prevailing wind-wave
direction (Flood & Heatwole 1986; Kench et al., 2009). Thus, areas of finer sands are
easily eroded and loss of sand will cause retreat of both BB and EVL. Along shorelines
composed of coarser sands, higher levels of energy will be required to entrain and
transport sediments from those areas. Over time, if these sediments remain in place,
they may provide suitable areas for pioneer vegetation to start growing seaward
followed by succession of other vegetation and consequently allowing EVL to accrete
over time as observed on the east of Sipadan Island.

Building structures
Results revealed that shorelines of Mabul Island behaved differently to those of
Sipadan Island, in which the extensive presence of built structures around Mabul
Island have resulted in shoreline stability on the west whereas the western shoreline
of Sipadan Island adopted and erosive state. Spatial models for Mabul Island indicated
that presence of offshore building structures is a strong variable in explaining change
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of base of beach (BB) shoreline. In line with other studies on urban reef islands,
building structures can disrupt sediment dynamics by altering its natural
transportation pathways and location of deposition and consequently changing the
shorelines (Hamylton & East 2012; Biribo & Woodroffe 2013; Duvat et al. 2017; Flood
2018). Models for southwest monsoon (SWM) and non-monsoon (ALL) period indicate
that increasing lengths of offshore structures which are the jetties, tourist
accommodations correspond to accreting shorelines. Although built on stilts, the
foundation structures of the offshore buildings may act as sediment traps by inducing
wave breaking, reducing incoming wave energy and subsequently causing more sand
to be deposited on the neighbouring beaches. Change in prevailing wind direction
influences areas of sand deposition (Kench et al., 2009) and during the NEM, it could
be deduced that this factor offsets the influence of offshore structures as sediment
trap on the island.

Distance from reef edge
The Model for edge of vegetation line (EVL) of North Keeling Island performed better
at explaining the variations in shoreline change than the base of beach (BB) model.
However, the distance from reef edge emerged as a strong, positive influence on both
shoreline model. A greater distance from the reef edge indicates a large reef platform,
which provide more available accommodation space for sand accumulation (McKoy,
Kennedy & Kench 2010; Hamylton 2014; Woodroffe & Webster 2014), consequently
increasing the beach area which is reflected in movement of BB shoreline seaward.
Beach progradation will, in turn, provide space for seaward vegetation succession.
Reef platform of North Keeling Island is almost fully occupied leaving little space for
further island growth. However, the largest shoreline accretion was observed at
locations near the lagoon entrance which had the furthest distance from reef edge.
Coincidently, shorelines here are in the predominant windward direction coming from
the southeast (Woodroffe and McLean, 1994). The large platform area available in
the direction of the wind contributes to sediment transport onshore (Houser et al.
2014) permitting sand accumulation at this location and into the lagoon.

155

Implications for future research
The environmental variables that were measured may not have adequately sampled
the underlying environmental gradients due to restrictions in data availability and field
accessibility. Nonetheless, a variety of field and GIS measurements were taken to
obtain best possible spatial surrogates of environmental variables for each studied
island.
The performance of each model was influenced by differences in the time frame
adopted for the analysis, the selected shoreline proxy and the number of
environmental surrogates used in the regression exercise. Therefore to improve the
spatial models, although laborious and in most cases will involve more expenditure,
a finer spatial and temporal sampling scale capturing more environmental variables is
needed for each island. In addition, as assessing shoreline change rely heavily on the
available datasets, it is important to make decision on selecting suitable shoreline
proxies to represent the change that is being investigated (Adnan et al., 2016).
Sipadan Island is a great example of this situation, where change of beach area was
highly dependent on the type of vegetation presence on the adjacent shoreline. On
the other hand, sediment characteristics (including sediment particle size) emerged
as variables that were strongly related shoreline change.
Based on this study, variation in shoreline change around an island periphery is
related to the sediment characteristics of the shoreline, and therefore it is crucial to
include other factors related to its supply and transportation regime in spatial models
for better understanding of reef island change. The inclusion of hydrodynamic factors
as variables in spatial models could improve our understanding on how anthropogenic
activities such as building structures, and the cemented geomorphic features such as
beachrock and outcrops of conglomerate influence the natural sediment transport
pathways, vegetation succession and sediment characteristics of reef islands.
Variables capturing the above and below ground characteristics of shoreline
vegetation such as root density and surface area cover could provide important
insights on how vegetation influence shoreline behaviour, and particularly which type
of vegetation will be critical for reef island survival in the perspective of climate
change.
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Although there are many inhabited and urbanised reef islands, the impacts of
anthropogenic activities on shoreline change have rarely been assessed (Duvat et al.,
2017). For this reason and due to the fact that human disturbance on reef islands is
increasing, as a result of tourism activities and increase in habitants as seen on Mabul
Island, there is an urgent need to identify suitable surrogates with proper numerical
quantification to assess the impacts of human disturbance on the shorelines. There
are a rising number of studies on shoreline change assessments conducted for reef
islands that have varying levels of anthropogenic disturbances (Biribo & Woodroffe
2013; Aslam & Kench 2017; Flood 2018). Collectively, these studies highlight that
anthropogenic activities masks the natural dynamics of reef island shorelines and is
an important driver of shoreline change. Therefore, this study highlights the
importance of recognising island dynamism to distinguish natural shoreline dynamics
from shoreline changes underpinned by varying levels of human disturbances to
understand future trajectories of reef islands and further support more nuanced
adaptation strategies to protect the habitants and the natural resources especially
with regards to climate change. For Sipadan and Mabul Islands, ongoing island
change will continue to pose management challenges for the protection of
endangered turtles that include erosional losses of nesting areas and suitable
locations for the establishment of turtle hatcheries. Moreover, the short and longterm analysis of island change as adopted in this study can be applied to neighbouring
islands to improve on tourism planning of the region by providing information on
suitable sites to locate fixed infrastructure and identify islands that are vulnerable or
sensitive to erosion as discussed in Chapter 2 of this thesis.

Conclusion
Findings of this study show that statistical models can be applied to explain the
variation of shoreline change that occurred for three vegetated reef islands as a
function of different local environment settings. Moreover, these models were able to
address the implications of using different shoreline proxies at different temporal
scales in modelling shoreline change. All models of edge of vegetation line (EVL)
shoreline for Sipadan Island showed similar distinct explanatory variables regardless
of temporal scales. This indicates that EVL is less dynamic than base of beach (BB)
shoreline and thus supports the assumptions implied by other similar research that
157

EVL is a suitable proxy for assessing long term shoreline change. Regardless of the
short term fluctuations due to monsoonal changes, this study revealed that BB can
also be a proxy to assess long term shoreline change but only for reef islands that are
less disturbed by human activities such as Sipadan Island. In addition, dates of image
acquisition is important when assessing change for reef islands that are influenced by
seasonal oscillations, particularly BB shorelines, to ensure true representation of the
shoreline dynamism. Despite the differences in geographical locations and level of
human disturbance, all studied islands indicated that gradients of sediment particle
sizes correlate with variations of shoreline change around the island, which implies
that sediment characteristics are important variables to be included in shoreline
change models. Locations with more coarse sand or very fine gravel revealed
accreting coasts and in contrast, areas comprised of more very fine sand showed
shoreline retreat. Importantly, this study showed that the type of vegetation present
on the adjacent shoreline could influence morphological changes on reef islands.
However, the role of vegetation as a driver for shoreline change for reef islands could
be undermined by the influence of human activities at Mabul Island and the limited
reef platform space available for shoreline progradation as revealed at North Keeling
Island. Furthermore, the outliers within the regression models were found to be at
locations where building structures, cemented features such as beachrock and
outcrops of conglomerate are nearby. This emphasizes the importance of including
hydrodynamic factors, such as wave energy received by the beach at the time of high
tides around the island periphery during different seasons, as surrogates of
environmental variables in spatial models to identify drivers underpinning shoreline
change. This study goes beyond the usual detection of shoreline change, by
empirically assessing the environmental gradient around these islands and the
relationship with observed shoreline change using spatial modelling approach. More
importantly, the identification of the explanatory variables provides insights on the
drivers of change for each individual islands due to their differences in morphology,
which further proves that the sandy beach on reef islands are highly dynamic
regardless of disturbance level. As each reef island behaved differently, these spatial
models can assist in identifying specific and suitable adaptation and management
strategies to protect vulnerable reef islands in the future from climate and non-climate
drivers of change.
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A DRONE BASED COMPARISON OF REEF
ISLAND BEACH VOLUME VS SHORELINE PLANFORM
CHANGE

Introduction
Reef islands are low-lying landforms developed as a result of continuous
accumulations of unconsolidated sediment mainly of CaCO3 origin derived from the
surrounding reef ecosystem on reef platforms close to sea level (Woodroffe 2008).
Transition towards a more stable landform is achieved through the increase in area
and elevation (Stoddart & Steers 1977), growth of vegetation (Fairbridge & Teichert
1948; Flood & Heatwole 1986; Yamano, Kayanne & Chikamori 2005; Heatwole 2011)
and formation of cemented or lithified features such as beachrock and conglomerate
platform (McKoy, Kennedy & Kench 2010; McLean 2011; Kench, Smithers & McLean
2012). Vegetation cover is often initiated through the growth of pioneer plants, such
as grasses and crawlers followed by various shrubs, herbs and taller trees, which
subsequently binds the soil through its root system and the introduction of humus
(Heatwole 2011; Bitton & Hesp 2013). Thus, vegetated reef islands are deemed more
resilient to changing environmental influences in comparison to unvegetated or
sparsely vegetated islands (Flood & Heatwole 1986; Hamylton & Puotinen 2015).
Reef islands are dynamic landforms that respond to changing boundary conditions,
such as altered wave and current directions (Flood 1986; Kench & Brander 2006a),
occurrence of high energy events including storms and cyclones (Bayliss-Smith 1988;
Kench et al. 2006b; Smithers & Hoeke 2014), sediment supply from the surrounding
reef ecosystem (Perry et al. 2011; Dawson & Smithers 2014) and impacts from
anthropogenic activities (Collen, Garton & Gardner 2009; Aslam & Kench 2017; Duvat,
Salvat & Salmon 2017; Flood 2018). These factors can cause the landform to adjust
in size, shape and even its position on the reef platform. As a result, numerous studies
have been carried out to understand island evolution and dynamics to assess reef
island resilience and vulnerability to natural and anthropogenic disturbances especially
in the context of climate change (Yamano et al. 2007; Woodroffe 2008; Webb &
Kench 2010; Cozannet et al. 2013; Ford & Kench 2015; Kench et al. 2015; Testut et
al. 2015; Albert et al. 2016; Duvat et al. 2017).
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Detecting variation in shoreline positions across different timescales by incorporating
remote sensing approaches can provide insights on reef island dynamics due to the
high resolution, spatial coverage and data availability, especially with the increasing
number of satellites capable of providing such images. As described in Chapters 3 and
4, edge of the vegetation line (EVL) and base of beach (BB) are common shoreline
proxies distinguished from historical data such as maps and aerial photographs, and
current satellite images to observe the horizontal change of reef islands that has
occurred over time. EVL is easier to delineate from remote sensing imagery due to its
texture and colour that contrasts with the sandy beach and is a better indicator of
long term shoreline change (Albert et al. 2016; Mann, Bayliss-Smith & Westphal
2016). On the other hand, BB is also a useful proxy as it captures the island footprint
and short-term fluctuations such as changes that occurred before and after a high
magnitude event or monsoonal weather patterns (Kench & Brander 2006a; Duvat,
Salvat & Salmon 2017). Due to the different behaviours of EVL and BB as indicated
in previous chapters (refer to Chapters 3 and 4), it is important to note that the
inferences based upon such assessments are highly dependent on the selected proxy
used in the analysis.
Despite their relatively limited area size and low elevation, reef islands provide the
only habitable land for small island nations, for example Kiribati, Fiji and Solomon
Islands in the central Pacific Ocean (Webb & Kench 2010; Biribo & Woodroffe 2013;
Albert et al. 2016). In addition, several vegetated reef islands off the east coast of
Sabah, Malaysia as well as within the Great Barrier Reef, Australia provide space for
the development of infrastructures to cater for tourism activities (Mapjabil, Yusoh &
Zainol 2012; Great Barrier Reef Marine Park Authority 2014; Jolis & Saleh 2015).
Protected reef islands such as North Keeling Island and several islands within the
Chagos Archipelago in the Indian Ocean offer natural habitat space for the protection
of various flora and fauna (Sheppard et al. 2012; Director of National Parks 2015;
Adnan, Hamylton & Woodroffe 2016). All of the examples given above are evidence
of the societal, economical and biological importance of reef islands. Increasing
development, human activities and changing environmental influences have resulted
in various changes on reef islands. The future stability and existence of reef islands
and the extent to which they may no longer be habitable in the future is an area of
important research focus (Woodroffe 2008; McLean & Kench 2015; Storlazzi et al.
2018). Therefore, improved techniques for the acquisition of high quality data for
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monitoring changes can underpin a better understanding of reef island dynamics to
support sound policies and management of reef islands.

6.1.1 Volumetric assessment of reef island change
To date, two-dimensional (2D) planimetric changes defined by the displacement of
shorelines have been widely recognised as a means to assess reef island change by
mapping. This relies on remote sensing imagery, historical maps and/or conducting
in situ field surveys. However, reef islands are dynamic features and BB shorelines
are able to continually adjust configurations in response to changing environmental
influences. Unconsolidated sediment, particularly sand, is easily entrained and
transported and deposited elsewhere around the island (Kench & Brander 2006a).
Such movements may occur in an offshore direction on to the reef flat to produce
features such as sand aprons (Barry, Cowell & Woodroffe 2007) and onshore to
produce ridges, dunes and berms (Dawson & Smithers 2010). Stronger wave and
currents due to high energy events have reportedly transferred coarser materials such
as coral rubble and shingle, building and reworking former ridges and ramparts across
reef flats (Verstappen 1954; Bayliss-Smith 1988). Sediment exchange between
neighbouring islands has also been observed on Rocas Atoll (Costa, Macedo & Siegle
2017) and Palmyra Atoll (Collen, Garton & Gardner 2009). The reworking of these
sediments results in changes to shoreline elevations, as well as horizontal extent.
These changes, which take place along a vertical, as opposed to a horizontal axis,
cannot be adequately captured using planimetric outlines of shoreline proxies.
Moreover, this implies that the retreat in shoreline position does not necessarily
indicate erosion as the sediments may be transferred on shore, adding to the beach
elevation and vice versa. Despite this issue, few studies have actually incorporated
vertical information when assessing reef island change. As a result, management and
policies are often limited to information derived from past and present shoreline
positions and quantification of island planform changes which treat reef islands as
two-dimension entities. Whereas, reef islands are actually three-dimensional and
shoreline changes can occur on the vertical plane, which is not captured through the
traditional planform assessment. The importance of going beyond two-dimensional
assessments to accurately understand and predict island response to changing
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environmental factors, particularly to sea-level rise, has been emphasized by McLean
& Kench (2015).
It is possible to construct three-dimensional surface models of reef islands known as
digital surface models (DSMs) or digital topographic models (DTMs) using a range of
field-based and remote sensing approaches. For example, vertical positions provide
further information on island morphology which are commonly obtained through
topographic surveys such as beach profiles (Woodroffe et al. 1999; Kench et al.
2006b; Woodroffe 2008; Dawson & Smithers 2010; McKoy, Kennedy & Kench 2010)
and GPS surveys (Kench et al. 2008; Dawson & Smithers 2010; Hamylton 2014; Costa,
Macedo & Siegle 2017). Light Detection and Ranging (LiDAR) offers better, if not the
best, opportunities to capture island elevation and volume due to its capability to
detect signals that penetrate through vegetation canopy but is highly costly which
often is the main setback to its application in environmental monitoring research
(Hamylton 2017a). Ground-based terrestrial laser scanning (TLS) has also been used
to derive 3D models of coastal dunes and vegetation (Feagin et al. 2014; Owers,
Rogers & Woodroffe 2018) which opens opportunities for similar application on reef
islands. Among these various techniques to investigate modes and rates of island
beach change, the most popular is topographic surveys which are often coupled with
high accuracy GPS equipment. However, to generate surface elevation for the entire
island, a wider area needs to be surveyed which could be time consuming and the
interpolation may be less accurate compared to remote sensing approaches such as
LiDAR and aerial photos.
Orthophotos generated from aerial images provide visual information on target area
which is not acquired from topographic surveys (Casella et al. 2016b). The emergence
of UAVs as a platform to collect aerial photos of coastal areas has contributed to the
increased application of photogrammetry approaches, particularly the Structure-from-

Motion (SfM) techniques to derive 3D models and consequently allowing calculation
of area volume (Remondino et al. 2011). SfM technique is comparable to the
stereoscopic photogrammatery, in which overlapping images are used to create 3D
structures of a scene. However, the main advantage of SfM is that it detects tie points
on multiple images automatically using locational information of the targets derived
from the sensors used to capture the images (Westoby et al. 2012), which can be
carried out using various photogrammetric software such as Agisoft Photoscan,
CloudCompare, PhotoModeler Scanner and Pix4D. The advancement of remote
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sensing technology and available data processing software to derive elevation and
area volume, provide great opportunities to further improve our understanding of reef
island dynamics, which is a major limitation of the highly adopted planimetric
assessment approach.

6.1.2 Mapping reef islands using Unmanned Aerial Vehicles (drones)
Recent advances in satellite remote sensing have provided the opportunity to acquire
high resolution imagery of larger spatial coverage that are widely used to map and
study shoreline changes of reef islands. Satellite images are often combined with field
surveys and historical data such as maps and aerial photos from various airborne
platforms to obtain information on island geomorphic features and to investigate
changes that occur over time. However, these resources are often expensive and not
necessarily available for the area and time of interest. This has led to attempts to
acquire high resolution images through a cheaper feasible approach.
More recently, Kites (Currier 2014; Bryson et al. 2016) and Unmanned Aerial Vehicles
(UAVs) such as Quadcopter (Yoo & Oh 2016), fixed wing remote control planes
(Vousdoukas et al. 2011) and balloons (Eulie, Walsh & Corbett 2013), have emerged
as an alternative approach to acquire higher resolution remote sensing data and aerial
photos for mapping and monitoring coastal zones. These airborne platforms are able
to capture higher resolution aerial images due to their low flight altitude and flight
flexibility allowing frequent flight surveys that are usually limited for satellite sensors
and expensive when using manned aircrafts such as aeroplanes (Anderson & Gaston
2013; Klemas 2013). Owing to the low flight altitude, finer details of the target area
can be captured by UAVs and this is very important to map detailed geomorphic
coastal features that cannot be delivered by satellite sensors (Casella et al. 2016b).
In addition, UAVs such as drones that are equipped with built-in GPS, are able to
capture oblique view photos of targets on ground and be used to create orthophotos
for generating 3D surface models using various techniques such as contributed to the
increased application of photogrammetry approaches, particularly the Structure-from-

Motion (SfM) approaches (Westoby et al. 2012; Hamylton 2017a).
Imagery collected using UAVs has been used in a variety of coastal and marine
applications such as in monitoring coastal vegetation (Samiappan et al. 2016),
mapping coral reefs (Kabiri et al. 2014; Casella et al. 2016a) and assessing beach
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topography (Mancini et al. 2013; Casella et al. 2016b; Yoo & Oh 2016). However,
applications of UAVs in reef island settings are especially rare. Kites have been
previously used to acquire aerial photographs that are able to capture finer details on
the coastal geomorphic features for certain sections of the reef islands due to the low
operational and equipment cost (Currier 2014; Bryson et al. 2016). However,
photographs captured using cameras mounted on kites are often restricted to areas
that are accessible by the personnel operating them. For example, a flyer walking
along the shores and boats towing the kite cannot cross over the island interior and
as a result, captured aerial photographs are usually limited to the outer sections of
the islands. In addition, the flight direction and altitude are controlled by the prevailing
wind which is often not stable. The development of autonomous UAV platforms,
particularly drones, have made similar work become easier and these are becoming
preferable to other UAV platforms.
Drones are autonomous UAVs that can be controlled remotely to a certain distance
and capture aerial photographs at different altitudes on a predetermined flight plan
(Gonzalez-Aguilera & Rodriguez-Gonzalvez 2017). Hamylton (2017) demonstrated
that acquiring high resolution aerial photos of the entire two reef islands of Low Isles,
Great Barrier Reef was highly achievable, which otherwise would be difficult for other
UAVs such as kites and balloons. Not only that, the built-in GPS of the drones allowed
surface elevation to be constructed providing pivotal information on reef island
elevation which is comparable to the LiDAR digital elevation model (DEM). Although
one of the drawbacks of drones is the short flight durations due to limited battery life,
their capability to capture very high resolution aerial photographs of the ground target
due to stable and slow flight at a set altitude that is constant throughout the flight
path, make it a popular choice for monitoring compared to other UAVs (Klemas 2013;
González-Jorge et al. 2017). Availability of various affordable commercial drones and
development of user friendly photogrammetric processing software present
advantageous mapping and monitoring opportunities especially for reef island studies.
Usage of UAVs is constrained by various regulations and permits depending on type
of platform and location (Stöcker et al. 2017).
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6.1.3 Study aims
This chapter aims to go beyond the conventional planimetric assessments by
incorporating elevation to elucidate changes to island volume that are not commonly
quantified when monitoring and assessing reef island changes from above. The
structure of this chapter is divided into two main parts, as follows:

Part 1
Part 1 compares the planimetric and volumetric shoreline changes. Planimetric
changes are drawn from Digital Shoreline Analysis System (DSAS), while volumetric
changes are calculated from in situ beach profiles surveyed in 2016 and 2017 of
Sipadan and Mabul Islands. This is to allow an overall evaluation of whether twodimensional horizontal, planimetric assessments of shoreline behaviour are consistent
with three-dimensional volumetric assessment.

Part 2
The second main aim of this chapter is to evaluate the application, accuracy and
limitations of a range of products derived from images acquired by a drone for
characterising island geomorphic features in two-dimension (2D) and three-dimension
(3D). These include:
i.

Visual interpretation of island geomorphic features from drone photos and

satellite image;
ii.

Construction

of

Digital

Elevation

Model

from

Structure-from-Motion

photogrammetric techniques and compare them with surveyed beach profiles;
iii.

Characterisation of vegetation heights;

iv.

Calculation of volumes for the entire island, vegetation area and beach area.

v.

Evaluating distribution of elevation profiles and mapping areas that fall within

elevation ranges.
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6.2

Methodology

6.2.1 Background of Study area
Sipadan and Mabul Islands are vegetated sandy reef islands of Sabah, Malaysia
located in the Celebes Sea, the western margin of the Pacific Ocean. The former is an
island with an area size of about ±0.17 km2 that caps a seamount and the latter a
±0.27 km2 island developed on a platform reef. Both of these reef islands are of
utmost importance in generating tourism related economy to the state of Sabah
particularly related to SCUBA diving activities. These islands are 14 km apart,
separated by ocean deepwater reaching up to 500 m in depth, and are influenced by
the changing Northeast and Southwest monsoons. On the reef platforms, they
develop on the northwestern margin, have an elongate shape and are vegetated.
These islands are known to provide areas for turtle nesting, although sightings of
these endangered fauna on beaches of Mabul Island have reduced most likely due to
the increase in human presence and the building structures on the island. On the
other hand, Sipadan Island is a semi-protected island managed by Sabah Parks with
limited building structures mainly to house the Park rangers and security personnel.
Any activities on land and around Sipadan Island require permits from various
Government authorities as a way to minimise human impact on the land and
surrounding reef ecosystem, as well as for security reasons due to its close proximity
to neighbouring countries. Nevertheless, it has been the most sought after diving spot
in Malaysia from local and international tourists.
See Chapter 4, section 4.1.3 for further details on these study sites.
6.2.2 PART 1
Methodology for Part A comprise of field data collection, image processing and
shoreline change analysis. The field data involved include:
i)

drone surveys,

ii)

collection of ground control points, and

iii)

beach profile surveys.

166

i.

Drone surveys

Drone surveys were conducted on Sipadan and Mabul Islands between 30th October
and 3rd November 2017. The drone used was the DJI Phantom 4 and predetermined
flight plans were established using the Map Pilot for DJI Application installed on the
connnecting ipad. Photos were taken from the camera vertically looking downwards
(i.e. at nadir). Photos for both Sipadan and Mabul Island were captured at a set
altitude of 120 m and the resulting photos have pixel resolutions of 5.2 cm. Figure
6.1 below shows the comparison between two flight plans of different altitude for
Sipadan Island including the reef flat area. Lower flight altitude as seen in Figure
6.1.B, would result in higher resolution photos, but will increase the flight time to
cover the same area (e.g. at an altitude of 120 m, the flight survey time was 81
minutes, compared with 294 minutes at an altitude of 60 m (Figure 6.1.A). This is
because at lower altitude, smaller ground footprints are captured by each photo,
hence more images will need to be collected for a similar area size, which is a
drawback for many drones as battery life is limited (Gonzalez-Aguilera & RodriguezGonzalvez 2017).
Multiple drone batteries were brought and used for the survey as each battery could
only allow a maximum flight time of no more than 15 minutes and recharging them
in the field was impossible. The DJI Phantom 4 drone has been automatically set to
return to the take-off point when battery use has reached 75%, to avoid flight failure
which may result in the drone being unintentionally damaged when it runs out of
battery. For precaution, due to the unfavourable weather conditions, where rain and
strong wind occurred on several occasions, multiple drone surveys of segregated flight
plans were conducted that allowed smaller areas to be covered per flight at different
times and days, to collectively cover the entire island. Flight plans were also adjusted
accordingly so that the drones will fly perpendicular to the wind direction to minimise
resistance that could cause the drone to fly slower and use up more battery power.
Due to the security sensitivity of the study sites, relevant permits and permissions
from Malaysian authorities were obtained prior to the surveys. More than 600 and
800 photos were collected for Sipadan and Mabul Islands respectively over the course
of five-day field survey.
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B

A

Figure 6.1: Comparison in flight details of DJI Phantom 4 drone for two different flight
altitudes. Flight plan details and path are shown in A: for drone flying at higher altitude (120
m) and B: drone flying at a lower altitude (60 m). Higher flight altitude (120 m) covering an
area of 2.28 km2 would need a minimum of 6 batteries as the flight duration is about 81
minutes. About 6GB of storage is needed for the 1230 photos captured for Sipadan Island and
the entire reef. In comparison, lower flight altitude of 60 m will need triple the amount of
batteries and flight duration to capture more than 4000 photos to cover the exact same target
area due to the increase in amount of flight path (i.e. decrease in line spacing) as shown in B.

ii.

Ground control points

Aerial photographs collected form airborne platforms will have errors or uncertainties
as a result of camera tilting, change in flight altitude and lens distortion (Del Río &
Gracia 2012). Therefore, photos collected using drones need to be referenced to a
real world coordinate system to obtain a more accurate result before they are further
used in any spatial analysis. This can be achieved by collecting Ground Control Points
(GCPs) for distinguising ground features and targets that can later be identified within
multiple photos to accurately locate aerial photos in terms of their x, y and z locations.
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Figure 6.2 outlines the steps undertaken for the production of high resolution
orthomosaicked photos for this study. Various GCPs were selected for Mabul Island,
that consist of permanent structures located around the island such as corners and
egdes of retention walls, jetties and buildings that were unobscured (for example by
overhanging trees or roofs) to ensure that they are clearly discernible on the aerial
photos. Due to the lack of permanent structures on Sipadan Island, markers, which
are laminated red A3 crosses on paper were positioned on beaches around the island
as GCPs. However, due to their lightweightness, weights such as branches were
placed on the top edges of the markers to refrain them being blown and moved by
the wind. In addition, the Red colour was selected as it contrasts with the colour of
the carbonate sand in the background and the size of the marker is relatively larger
than a pixel of the photo, which means they are distinguishable in the drone photos
as seen in Figure 6.2.

Figure 6.2: Methods involved in the production of high resolution orthomosaicked photos
collected from drone surveys in this study. High resolution imagery used for this study was
acquired using DJI Phantom 4 drone spread across a 5 day field survey based on a set flight
plan at altitude of 120 m. GCPs were collected using red markers positioned around Sipadan
Island and permanent features for Mabul Island. Aerial photos were further processed using
Agisoft Photoscan Pro (described in section 6.2.3) available in the Spatial Analysis Computer
Laboratory of the School of Earth and Environmental Science, University of Wollongong. The
orthomosaicked photos were used for the shoreline change analysis and interpretation of
island geomorphic features.
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The horizontal (x,y) and vertical (z) positions of each GCPs were recorded using the
Trimble GeoXH 2008 mapping GPS (accuracy ±10 cm) using the WGS84 datum. These
coordinates were further differentially post-processed for correction using the
Receiver Independent Exchange Format (RINEX) data of the nearest observation
station which is located in Tawau, Sabah about 90 km away from the study sites
which were obtained from Department of Survey and Mapping Malaysia (JUPEM),
Malaysia. Elevation (z) values of each GCPs were recorded based on the Height Above
Ellipsoid (HAE) and were further processed using the MyGeoid model for East Malaysia
which is EMGEOID05 by JUPEM to obtain height above Mean Sea Level
(MSL)/orthometric height. The MSL is calculated based on the average of middle
values between the highest and lowest sea levels recorded by the tide gauges placed
around Sabah, Malaysia. The geoid model is a combination of gravimetric geoids with
datum transformations and GPS ellipsoid heights on levelled bench marks and this
model has an accuracy of about ±5 cm (Department of Survey and Mapping Malaysia
2005).

iii.

Beach Profile Surveys

The first beach surveys on Sipadan and Mabul Island were conducted in 2016 (30th
January to 3rd February 2016) and later in 2017 (30th October to 3rd November 2017).
The latter is a repetition of similar beach profiles conducted earlier in 2016. Seven
and five beach profiles were surveyed around Sipadan and Mabul Islands respectively.
In 2016, the beach profiles were surveyed using the conventional dumpy level and
surveying staff by two personnel and in 2017, the electronic survey level was used
for the measurements.
On Sipadan Island, beach profiles were surveyed from temporary benchmarks that
were markers placed by the Sabah Parks authorities and permanent features such as
signboards and huts that are within close proximity to the vegetation line. Numbered
tree trunks and corners of buildings were used as temporary benchmarks for beach
profile surveys on Mabul Island. These benchmarks represent the starting points of
each profile for both surveys conducted in 2016 and 2017, and the end of the profiles
were dependant on the weather and tide conditions at time of survey. Further
distances from the benchmarks were able to be surveyed at times when tide was low
and less windy. The measurements are relative to the benchmark which is the starting
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point of the survey which is marked as 0 m in distance and height. Each measured
point represents distance from the temporary benchmark (TBM) and its corresponding
elevations are compared between 2016 and 2017 for each surveyed profile. Positive
values across the profiles indicate elevation that is higher than the starting point
(TBM) and on the other hand, negative values infer that the locations are relatively
lower.

6.2.3 Image processing
In order to create a single orthomosaicked photo that covers the area of interest,
several image processing procedures were conducted using Agisoft PhotoScan
Profesional Version 1.4.2 software that utilises the contributed to the increased
application of photogrammetry approaches, particularly the Structure-from-Motion
(SfM) photogrammetry technique (Agisoft LLC 2018). The key principles of the SfM
techniques are explained in Westoby et al. (2012). Figure 6.3 summarises the image
processing involved which are 1) photo alignment, 2) georeferencing to a real world
coordinate, 3) build dense cloud, 4) build mesh, 5) build texture, 6) build tiled model,
7) build DEM and 8) build orthophoto. Agisoft automatically alligned 691 and 872
individual photos relative to each other for Sipadan and Mabul Islands repectively
using the locational information garnered from the built-in GPS of the drone.
Prior to the alignment of photos, unneccesary photos that were captured during take
off were manually removed from the group. Photos captured using the DJI Phantom
4 have approximately 60% overlap, which creates more tie points amongst the
overlapping photos. To improve locational accuracy, the aligned photos were then
georeferenced using coordinates of ground control points (GCPs) collected during the
field surveys that were identified in multiple photos. The georeferencing protocol is
summarised in Figure 6.3. Highly accurate GPS equipment such as the RTK-GPS and
higher number of spread GCPs around the study area will improve the accuracy of
the georeferencing. The georeferencing corrected the horizontal (x,y) and vertical (z)
positions of the photos to real world locations, which is an important step prior to
constructing the DEM to create the digital surface model (DSM). High quality dense
clouds (also known as point clouds) were produced through triangulation that
calibrates the camera orientation and focal length. Dense cloud is applied when
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building surface mesh and image texture, in which all of these are incorprated to
further generate three-dimensional orthomosaicked photos and the DSM.

Figure 6.3: Summary of steps undertaken in Agisoft Photoscan to post-process drone photos
to generate orthomosaicked photos and digital surface models.
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Table 6.1: Image processing details of the orthomosaicked photo generated using Agisoft
(more details are provided in Appendix C).

Processing details

Sipadan Island

Mabul Island

8

12

691

872

45,029

95,682

Dense Cloud points

74,343,262

207,098,650

3D model faces

4,931,375

13,736,449

Number of GCPs
Number of photos
Tie points

6.2.4 Shoreline Change Analysis – Planimetric vs Volumetric change
The shoreline change analysis was conducted to compare the difference in island
beach area represented through planimetric and volumetric change of the shoreline
proxy. Base of Beach (BB) was selected as the shoreline proxy for the change analysis
as it is able to capture short term changes in comparison to the edge of vegetation
line (EVL). It is assumed that the interval between first and second beach surveys, of
approximately 18 months is not sufficient for the EVL to undergo discernible changes
caused by monsoonal reversals, and high energy events such as typhoons or tsunamis
are extremely rarely in this region. Base of Beach shoreline was digitised from
RapidEye-3 satellite image (Date: 27 January 2016) and the orthomosaicked photo
collected through drone surveys as described in 6.2.2 (Date: 31 October-2 November
2017) and generated using Agisoft software (refer to 6.2.3). The images used for this
analysis represent the closest acquisition date that corresponds to the time when the
beach profiles were surveyed. Both of these images were georeferenced to an
independent satellite image of the islands which is the 2010 WV2 for Sipadan Island
and 2015 WV2 for Mabul Island. The planform area change for Sipadan Island was
conducted using the DSAS method in ArcGIS and errors pertaining to image
resolution, georeferencing of image and shoreline digitising were incorporated in the
calculation of change (refer to Chapter 4, section 4.2 for details of this method). Net
shoreline movement (NSM), is a value calculated for each defined transects along the
shoreline, which represents the change in BB proxy delineated from images acquired
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between two dates. In this study, NSM values of transects closest to each surveyed
beach profiles were used to represent the planimetric change of the islands.
The method of calculating volume (m3) for each profile was modified from the
procedure used by Dawson & Smithers (2010) in which the 2D area is multiplied by
1 m (i.e. 1 m wide volume) and above a datum, with the assumption that the bottom
of the profiles have constant elevation. The surveyed points along each beach profile
did not have consistent intervals, hence, all the measured elevation values acquired
from the surveys were combined with elevation values obtained from the interpolated
profile graph generated in Microsoft Excel for every 2 m intervals were used for
calculating area under the curve. Volume for each profile was achieved by calculating
the area under the curve in Microsoft Excel and multiplying it with the beach width
(i.e. 1 m) (Glen 2012). Volume change for each beach profile is calculated by
subtracting the earlier profile volume (2016) from the latest volume (2017). These
volume change values are then compared with the NSM values generated using DSAS
to determine whether planform change and volume change depict similar behaviour.

PART 2
6.2.5 Interpretation of island geomorphic features
Satellite images and aerial photos are crucial datasets for reef island studies because
they provide information about the ground features such as land cover type,
vegetation type, different shoreline proxies and other island geomorphic features.
However, their successful interpretation is highly dependent on the resolution and
quality of the images. In this chapter, island geomorphic features were visually
interpreted from orthomosaicked photos collected using drone and the 2010 and 2015
WorldView-2 satellite images (WV2 images with 0.5 m resolution) of Sipadan and
Mabul Islands respectively. The clarity, texture and colour of target features were
compared between drone and the satellite images visually. All these images provide
true colours of the target area and therefore ground features can be easily
distinguished.
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6.2.6 Generating elevation profiles and mapping surface elevation from
DSM
Digital surface models (DSM) generated from the drone aerial photos processed in
Agisoft provide opportunities to interrogate elevation information of the entire island
surface, complementing the surveyed beach profiles. Accuracy assessment was
performed by comparing the seven independent in-situ topographic surveys with a
known x, y, z coordinate for one point along the transect, against the elevation profile
derived from the DSM using the 3D-Analyst tool in ArcGIS. The root mean square
errors (RMSE) were calculated for each elevation profile based on the difference in
elevations between in-situ topographic survey points (n = 3 to 11) and the values
obtained from the DSM along the same x-axis.
Across island elevation profiles were further extracted using the 3D-Analyst tool to
investigate the beach morphology and vegetation characteristics. Three-dimensional
(3D) oblique views detailing the corresponding elevation profiles were generated from
the elevation model of the orthomosaicked photo using CloudCompare software.
Elevation profiles of the island area were further evaluated by classifying the pixels of
the DSM that fall within elevation ranges to create maps depicting areas with different
elevation classes.

6.2.7 Calculation of island volume
Estimation of island volume was only conducted for Sipadan Island because Mabul
Island had too many building structures that obstruct the actual island elevation. A
digital surface model (DSM) of Sipadan Island was derived from the orthomosaicked
photo collected using drones and post-processed using Agisoft software. Vertical
accuracy of 4.43 cm was achieved for the DSM (<1 pixel) after georeferencing using
corrected xyz coordinates of ground control points (Appendix C provide information
on the image processing conducted using Agisoft). The DSM layer was exported to
ArcGIS (10.2) and projected from coordinate system WGS 1984 to WGS 1984 UTM
Zone 50N using Bilinear resampling. The following areas of interest were defined, for
which the volume would be calculated: whole island, vegetation, beach etc. Each area
of interest (AOI) was masked out and exported as a separate raster layer for
volumetric calculation. Volume is calculated by combining the total volume of each
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raster pixels within the AOI boundary following the method of Hamylton (2014) and
calculation of volume for each raster pixel can be summarised as below:

Volume of each raster pixel (m3) = Pixel Area (m2) X Elevation (m)

For this study, volume calculation incorporated only the areas above mean sea level
(MSL) based on the Malaysian Geoid model where negative values of elevations,
which correspond to below MSL (Department of Survey and Mapping Malaysia 2005)
were omitted from the summation. To obtain the total island land volume, this
approach assumed that elevation of the interior island, under the vegetation canopies,
coincide with the highest elevation of the beach area. Interior vegetated area and
building structures were masked out from the island DSM to determine the beach
volume. Volume of vegetated area was calculated for all raster pixels that fall within
the EVL boundary.
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Results: PART 1
6.3.1 Planimetric vs Volumetric Change Assessment
i.

Sipadan Island

The locations for each beach survey point, net shoreline movement (NSM) values and
the beach profile measurements are shown in Figure 6.4 and 6.6 for Sipadan and
Mabul Islands respectively. Based on the DSAS analysis, based on shorelines derived
from images dated between January 2016 and November 2017, the majority of these
transects indicated that base of beach shoreline for Sipadan Island underwent erosion
with a maximum value of 34.53 m of shoreline retreat in the South. Erosion was
observed all around the island shores except for the northern section which exhibited
accretion up to 25.44 m and smaller sections on the western and eastern shores
denote shoreline stability. The NSM values for all survey stations on Sipadan Island
are shown in Table 6.2. Out of seven survey stations (S1 to S7) on Sipadan Island,
only S4 displayed positive value of NSM which is +11.19 m. Station S5 which is located
at the north-northwest (NNW) did not undergo shoreline change more than 2.48 m
and hence, was considered stable. All other survey stations had transects with
negative NSM values, which S1 representing the southern shore recorded the largest
erosion (-27.07 m) and the eastern stations (S2 and S3) had the least erosion with 6.78 and -4.3 m of change respectively.
Volumetric change calculated for the beach profiles on Sipadan Island revealed that
only two stations, which are S5 and S7, showed total volume loss whereas the other
five stations gained volume over the period of 18 months. The ± 10 m profile surveyed
at S5 in 2016 was higher in elevation compared to 2017 and calculations indicated
that 2.87 m3 of sand volume had been loss. Similarly at S7, higher elevations were
measured for the beach at a distance of ±16 m during 2016 in comparison to 2017
and the total volume loss is 4.83 m3. S1 beach profile located at the south, had the
longest surveyed distance but the least gain in area volume (+1.11 m3). The top three
stations that gained most beach volume were located at the eastern (S2 and S3) and
northern beach (S4) with volume gain of 9.07 m3, 6.60 m3 and 0.06 m3 respectively.
Longer profiles were surveyed at S1, S2 and S3 as the beach width was greater
compared to the other areas especially at the western beach. Further analysis
revealed that there is no correlation (R2 = 0.07) between values representing
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planimetric and volumetric change of shorelines for Sipadan Island as shown in Figure
6.5.
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Figure 6.4: Shoreline change of Sipadan Island measured between 2016 and 2017.Transects cast around Sipadan Island show the amount of Base of Beach
change based on the DSAS Net Shoreline Movement derived from images dated 27 January 2016 and 31 October 2017. Insets are beach surveys from TBM
that were conducted on 30th January-3rd February 2016 (Survey 1) and 30th October-3rd November 2017 (Survey 2). The end of January 2016 is entering
the end of the northeast monsoon whilst end of October marks the beginning of the northeast monsoon. Background image is the mosaicked image taken
from drone during fieldwork in 2017.
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Table 6.2: The calculated volume of each profile surveyed in 2016 and 2017 and the net
shoreline movement of the base of the beach based on DSAS of its nearest transects for
Sipadan Island.

Volume (m3)
Station 2016 2017

DSAS

Change (m3)

NSM
(m)

S1

51.05

52.16

1.11

-27.07

S2

26.90

35.97

9.07

-6.78

S3

42.28

48.88

6.60

-4.3

S4

14.63

20.69

6.06

11.19

S5

8.89

6.02

-2.87

-0.52

S6

17.44

18.97

1.53

-7.08

S7

21.40

16.56

-4.83

-10.13

Figure 6.5: Comparison between planimetric and volumetric change for Sipadan Island.
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ii.

Mabul Island

Figure 6.6 shows the base of beach (BB) shoreline change based on net shoreline
movement (NSM) and its corresponding beach profile surveys for Mabul Island.
Shoreline planform change analysis conducted on Mabul Island showed that the
movement of BB shoreline was smaller in comparison to that of Sipadan Island.
Erosion was predominant along the northwest to south of the shoreline and the
maximum NSM value of transect depicting erosion was -16.57 m. A small section at
the north-western shores showed accretion with a maximum value of +4.60 m. The
entire western beach indicated a stable shoreline as the measured net shoreline
change were less than 2.47 m. Values of the NSM and volume change for the five
beach profiles stations surveyed around Mabul Island are shown in Table 6.3. All of
the DSAS transects closest to these stations recorded negative NSM values which
depicted erosion of the BB shoreline. Station M3 at the eastern shore of the island
recorded the highest erosion with NSM of -14.24 m. Both M1 and M2 stations on the
southern shore recorded -4.36 m and -3.69 m NSM values respectively. On the
northern shores, NSM measured at M4 was -5.35 m, which indicated erosion is slightly
higher than at M5 (-4.51 m).
Volume change measured for the five survey stations on Mabul Island revealed that
between February 2016 and November 2017, only two stations had volumetric losses,
which were M2 and M5 with values of less than 1 m3 each. M1 located at the south,
increased 17.98 m3 in area volume within ± 30 m of its beach length, which is the
highest increment value amongst the other stations. Station M3 which is located at
the eastern beach had the shortest beach surveyed (±18 m), and lowest volume
increment of 0.64 m3. The longest surveyed beach profile at M4 with a distance of
±55 m had increased 4.08 m3 in volume. As seen in Figure 6.7, further analysis
revealed that there is no correlation between planimetric and volumetric change
values recorded for stations at Mabul Island (R2 = 0.06).
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Figure 6.6: Shoreline change of Mabul Island measured between 2016 and 2017. Net shoreline
movement (NSM) of the base of beach (BB) were derived from images dated 27 January 2016
and 3 November 2017. Insets are beach surveys from TBM that were conducted on 30th
January-3rd February 2016 (Survey 1) and 30th October-3rd November 2017 (Survey 2).
Erosion are indicated by DSAS along the northern to eastern shores and the southern section.
The shoreline where building structures are present along the western margin denotes
shoreline stability. Slight accretion of BB occurred at the northwestern section of this island.
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Table 6.3: The calculated volume of each profiles surveyed in 2016 and 2017 and the net
shoreline movement of the base of the beach based on DSAS of its nearest transects for Mabul
Island.

Volume
Station

2016

2017

M1

47.87

M2

DSAS
Change
3

NSM

(m )

(m)

65.85

17.98

-4.36

40.43

39.62

-0.81

-3.68

M3

19.67

20.31

0.64

-14.24

M4

78.75

82.84

4.08

-5.35

M5

58.44

58.18

-0.26

-4.51

Figure 6.7: Comparison between planimetric and volumetric change for Mabul Island.
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Results: PART 2
Visual interpretation of island geomorphic features
Remote sensing images have been widely used to identify and characterise island
geomorphic features such as vegetation, various shoreline proxies such as base of
beach and high water line, corals and even building structures that are present. Figure
6.8 and 6.9 provide visual comparison of island features between two different remote
sensing images, the Worldview-2 (WV2) satellite imagery and aerial photographs
surveyed using the drone that were available for Sipadan and Mabul Islands
respectively. As seen in Figure 6.8, the drone photos provide better details and clarity
of Sipadan Island features in comparison to the WV2 imagery. Remnants of uprooted
trees were clearly seen from drone photo in 6.8.A while in the WV2 image, these
features were difficult to distinguish from the standing trees and shadows. Planar
shape of the submerged corals (Inset B) can be clearly seen from the drone photo
but looks blurry and are more difficult to delineate from the WV2. In picture C, finer
geomorphic details of the eastern sandy beach such as base of beach, waterline and
pioneer vegetation were able to be distinguished from the drone photo due to clear
differences in colour and texture but the WV2 image shows these features as one
seamless sandy beach area. WV2 was unable to capture coastal pioneer vegetation
as seen in picture D whereas the texture and colour of this vegetation are visually
much clearer from the drone photo.

184

Figure 6.8: A cropped orthophotomosaic of 701 aerial images collected during a 2 day drone
survey of Sipadan Island at an altitude of 120 m. Left and right image of each inset illustrate
comparison of island features that are seen on a drone imagery acquired in 2017 (5.2 cm
pixels) and the 2010 Worldview-2 satellite imagery (50 cm pixels) respectively. A: Remnants
of uprooted trees; B: Submerged corals; C: Beach shorelines including high water mark,
waterline and base of beach; and D: Pioneer vegetation.

Similarly for Mabul Island, greater details of the target area could be obtained from
the drone photo compared to the WV2 satellite image as shown in Figure 6.9.
Delineation of the shorelines, the texture and colour of the pioneer vegetation (grass
versus trees) are much clearer in the drone photo compared to the WV2 image
(Picture A in Figure 6.9). Picture B clearly shows the different vegetation species
captured by the drone, while the WV2 could not capture these finer details,
consequently causing all the trees to look the same. Various coastal structures are
built on Mabul Island and their colour, shape and size can be clearly seen from the
drone photo. Picture C shows a part of the retention wall built to protect the beach
from erosion. The drone photo shows greater details of the cemented bricks placed
along the wall whereas the WV2 could not show similar details of this feature.
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Figure 6.9: A cropped orthophotomosaic of 874 aerial images collected during a 2 day drone
survey of Mabul Island at an altitude of 120 m. Left and right image of each inset illustrate
comparison of island features that are seen on a drone imagery acquired in 2017 (5.2 cm
pixels) and the 2015 Worldview-2 satellite imagery (50 cm pixels) respectively. A: Beach
shorelines including various levels of high water mark, waterline and base of beach; B:
Variation in vegetation type; and C: Details of retention wall structure.

Assessment of island elevation using drone DSM
A Digital surface model (DSM) of Sipadan Island was constructed from the 691 drone
aerial photos processed using the Structure-from-Motion (SfM) techniques in the
Agisoft software. The resultant DSM raster had pixels of 9.2 cm and a vertical accuracy
of 4.4 cm. Figure 6.10 shows the comparison between measurements obtained from
the beach surveys and the profile derived from the DSM. Each surveyed profile
consists of a different number of in-situ measured points whereas the DSM profiles
have measurements for every 9.2 cm intervals based on its resolution. Profile 1 to 5,
depicting the beach area from the south to north have root mean square error (RMSE)
for the elevations of in-situ topographic survey points, ranging from 0.059 to 0.424
m. Here, the pattern between the in-situ topographic measurements and DSM derived
elevations were almost similar. On the other hand, DSM profiles for Profile 6 and 7 on
the western shores captured the vegetation surface instead of the beach surface.
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However, by removing the sections that correspond with vegetation, the surveyed
and DSM profiles were comparable.

Figure 6.10: Locations of seven referenced beach profiles for purpose of DSM accuracy
assessment are shown in the orthomosaicked photo. Profile 1 to 7 shows the comparison of
elevation profiles obtained from the in-situ topographic survey and those derived from the
DSM.

This DSM provides various information of island elevation and further used to quantify
island volume. Figure 6.11.A illustrates the elevation of Sipadan Island area measured
above mean sea level derived from the DSM. Areas with the higher elevation values
correspond to the vegetation area within the interior of the island, therefore the
elevation values at these locations are actually the combination of vegetation height
and the land surface below. The drone photo in Figure 6.11.C. showed that the
western beach area were narrower in comparison to the eastern beach. The DSM
further revealed that the western beach area were lower in elevation compared to
the eastern beach.
187

Across island elevation profiles extracted from the DSM, as marked in 1a-1b and 2a2b and their corresponding oblique three-dimensional photos are shown in 6.11.B and
C respectively. These profiles showed that vegetation from the south to north (1a1b) and west to east (2a-2b) had different heights. At the southern vegetation area,
the edge of vegetation line (EVL) starts with shorter vegetation and gradually
increasing in height where taller trees of 20 to 30 m dominated a distance of about
120 m after the pioneer vegetation. The centre part of the island has different
combination of vegetation heights that change drastically from a few metres to more
than 30 m within a short distance interval. The elevation profile also indicated that
closer to the northern shore of the island (1b), tall trees up to 20 m were present.
The trees corresponding to the northern part of the island profile are lower in height
compared to the southern area. Across island elevation profile from the west to the
east margin revealed that tall trees up to 20 m in height dominated the EVL and low
lying pioneer vegetation were absent here. Taller trees can be found closer towards
the mid-section of the island and a significant reduction in vegetation height occurred
subsequently. In addition, the DSM profiles denote that vegetation of less than 10 m
in height were predominant along the eastern section of the island and gradually
decreasing in height towards the EVL. The DSM revealed that vegetation is taller on
the western section of the island in comparison to the eastern section.
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Figure 6.11: A. Digital surface model (DSM) of Sipadan Island constructed from 691 aerial photos collected using a drone at 120 m altitude that was postprocessed in Agisoft using Structure-from-Motion photogrammetry. The DSM pixel size is 9.2 cm which has a vertical accuracy of 4.4 cm. Across island DSM
profiles 1a-1b and 2a-2b are shown in B and C respectively which are obtained using 3D-Analyst tool in ArcGIS with corresponding oblique views of the
orthomosaicked photos showing the island as viewed from the East for B and South for C.
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The surface elevation map in Figure 6.11.A was further refined to better capture the
elevation details of vegetation and beach area which are shown in Figure 6.12.B and C
respectively. Elevation map derived for only the vegetation area (Figure 6.12.B), shows
that on the western area, tall trees make up the EVL. In contrast, the opposite side of
the island on the eastern coast, the first line of vegetation area consists of low-lying
vegetation such as crawlers and shrubs. A clear pattern of tree height zonation can be
seen along the eastern coasts. Vegetation transitioning from low lying and gradually
increasing in height starting from the EVL, which is the most seaward position of
vegetation area, going further inland. On the other hand, this was not observed at the
western coasts, where the EVL were predominantly composed of a mixture of taller trees
(i.e. >5 m) and less of low-lying vegetation.

Figure 6.12: The percentage of area based on elevation classes (determined by the pixel values)
for each surface elevation map is shown in the charts above for A: Whole island area inclusive of
both vegetation, beach and area where building structures were present; B: Vegetation area with
inclusion of some building structures; and C; Beach area where the vegetation area were masked
out.
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Similarly, by omitting the vegetation area, the finer details of the beach elevation could
be indicated even though not all vegetation was able to be masked out from the DSM
layer. The oblique view of Sipadan Island (as seen in Figure 6.11.C, page 189) and
further supported by the surface elevation map of the beach area as shown in Figure
6.12.C show that the beach width of the eastern shores was greater than the western
part of Sipadan Island. In addition, the eastern shores have higher upper beaches in
comparison to the western shores, where beach area closer to EVL had elevation up to
2.5 m and the elevation gradually decreased from here to the base of beach. Generally,
the beach areas at the western side of the island were less than 1.5 m above mean sea
level (MSL) and are less than 20 m in width. The DSM further revealed that some sections
at the western side of the island have very narrow beaches, with width of less than 10
m and elevation less than 1m above MSL.
Bar charts displayed in Figure 6.12 further show the distribution of percentages for each
area based on elevation classes (determined by the pixel values) for each surface
elevation map described above. Surface elevation map of the entire island (i.e. combining
both vegetation and beach areas) as seen in Figure 6.12.A, consist of 19,995,764 pixels
and about 27.5% of the island area have elevation of <5 m. Areas that have elevation
in the range of 30-40 m covered less than 2% of the total island area. The percentage
of area cover decreased with increased elevation. By omitting beach areas, DSM of the
vegetation area covered only 15,526,487 pixels and were further classified into elevation
of 5 m intervals and the results are shown in Figure 6.12.B. The largest percentage of
vegetation area cover (21 %) was dominated by pixels with elevation values of 5-10 m.
Pixels with elevation above 35 m only covered 2.2% of the vegetated area. Pixels
denoting low-lying areas (<5 m) contributed to about 7% of the vegetation area cover
located mainly around the EVL. The chart indicated that beyond the 5 m elevation,
percentages of area cover decreased with increased elevation ranges. 18% of the
vegetation area comprised of pixels with 10-15 m elevation. The areas that fall within
15-20 m and 20-25 m elevation were almost similar in size with percentages of less than
17% each. Percentage of area cover for the 25-30 m range was 12.6% and this is twice
the amount of area that was covered by pixels in the 30-35 m range.
The DSM for the beach area as shown in Figure 6.12.C comprised more than 4 million
pixels, an amount which is lower than the other elevation maps described above,
denoting a smaller area cover compared to the vegetated area and were classified to
elevation ranges with 0.5 m intervals due to the low elevation value (≤5 m).
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Interestingly, although the DSM denotes beach areas up to 5 m elevation, areas above
3 m contributed to less than 1% of the total area. Similarly, pixels within 2.5-3 m
elevation range, only covers 1% of the beach area. Majority of the island beach area
(58%) are very low-lying with elevation less than 1.5 m above MSL and are subject to
daily tidal inundation, especially on the west. Generally, the elevation map revealed that
Sipadan Island has a sloping plane, where the western beach is low-lying and the eastern
upper beach could reach up to 3 m in elevation. About 20.7% of the beach area have
elevation of 1.5-2 m above MSL, in which could occasionally be inundated by the semidiurnal tide water. Elevated beach areas above 2 m are formed at the northern, eastern
and southern shores and they make up 20% of the total beach area of Sipadan Island.
The percentages of beach area cover showed a contrary pattern to those demonstrated
from the DSM of the vegetation area.

Quantification of island area volumes
The DSM maps of Sipadan Island (Figure 6.12.A, page 190) shown above were further
used in the quantification of island volume as displayed in Table 6.4 below. Pixels
covering the whole island area of 169,244 m2 including the vegetation heights produce
an estimated volume of 2,264,995 m3. As seen in Figure 6.12.B, the pixels of vegetation
area have elevation values ranging between 0-50.13 m and this consists of more than
15 million pixels, generating an estimated volume of 2,217,474 m3. The DSM of the
beach area encompass 4,453,410 pixels producing an estimated beach volume of 45,585
m3. To obtain a more realistic estimate of island volume, the vegetation heights were
reduced to the estimated maximum elevation of the beach area indicated by the DSM
which is 5 m. The assumption that the land surface under the vegetation was 5 m in
elevation generated an estimated island volume of 641,080 m3. Further reduction of the
vegetation heights were conducted based on the evidence in Figure 6.12.C which
suggests that the elevation of Sipadan Island is highly likely to be less than 3 m. With
regards to this assumption, the estimated whole island volume with a reduction in
elevation of vegetation area to 3 m was 390,252 m3.
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Table 6.4: Summary of estimated island area and volume as well as total number of raster pixels
within each AOI boundaries generated from the DSM of the drone orthomosaicked photo for
Sipadan Island.
Corresponding
Figure

Area
(m2)

Volume
(m3)

Volume Number
(tonnes) of pixels

Whole Island

6.12.A

169,244 2,264,995

1,480,389 19,995,764

Vegetation Area

6.12.B

131,416 2,217,474

1,449,329 15,526,487

Beach Area

6.12.C

37,694

45,585

29,794

4,453,410

Whole island with reduced
vegetation heights (5 m)

6.12.A

169,244

641,080

419,007

19,995,764

Whole island with reduced
vegetation heights (3 m)

6.12.A

169,244

390,252

255,067

19,995,764

Depicting island beach morphology from DSM analysis
Beach morphology of Sipadan Island along the eastern shores (north-east-south) were
further interrogated using the beach profile information derived from the Digital surface
model (DSM) and orthomosaicked photo which are products of the drone surveys. This
was not conducted for the western shores due to the narrow beach width and no clear
pattern of elevation variation in comparison to the eastern shores (as observed in Figure
6.12.A). Beach elevation profiles of various lengths were derived from the DSM
representing the beach width, in which the survey starts near the EVL and ends at the
base of the beach (BB). Enlarged beach sections from DSM (Figure 6.13.i) and drone
photo (Figure 6.13.ii) and the corresponding beach elevation profiles (Figure 6.13.iii)
show the locations of beach berms along the eastern shores. The northern profiles 1 and
2 indicated beach widths of about 45 and 37 m respectively. On profile 1 and 2, beach
berms were identified at locations of 21 m and 13 m from the EVL respectively. The
berm on profile 2 was higher in elevation (1.9 m) compared to profile 1 which is about
1.76 m above MSL. Profile 3 at the north-eastern area shows that the beach is narrowest
in comparison to the other beaches where the 7 beach profiles were derived. Here, the
upper beach located near the EVL have elevation of 2.3 m and an indistinct berm (1.9
m above MSL) is formed at a distance of 5 m from this location. Further seawards, a
gradual decline in elevation is observed for the beach face up to the 10 m distance and
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then the beach surface becomes uneven as it reaches the base of the beach. Profile 4
coincides with the eastern beach where low-lying pioneer vegetation is seen in Figure
6.13.D. The upper beach elevation is about 2.2 m and the berm crest is indicated at the
21 m distance with an elevation of 2.4 m above MSL. The beach continues for another
32 m before it reaches 0 m in elevation. Moving southwards, the beach profiles 5 and 6
as shown in Figure 6.13.E and F do not have a distinct berm crest. Profile 5 denotes a
higher upper beach (2.71 m) compared to Profile 6 which is 2.47 m. Profiles representing
the southern beaches of Sipadan Island, Profile 7 and 8 were longer in distance
compared to the rest with distances of 61 m and 80 m respectively. The former, marked
by red line in Figure 6.13.G.iii, shows an uneven surface elevation from the EVL up to a
distance of 16.5 m where a dune has developed to an elevation of 2 m. On the upper
beach, a beach berm of ±1.5 m is formed on the 43 m mark. This continues with a sharp
decline in beach elevation from 1.4 m to 0 m at the 60 m distance. Profile 8 indicated
that several sand ridges have developed on the southern sand spit with the most
prominent ridge formed at the 49 m distance with a peak elevation of 2.2 m. Similar to
profile 7, the beach face of profile 8 have a steep slope, where the elevation decreases
from 2.2 m to 0.5 m within a distance of 18 m as seen in Figure 6.14.
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Figure 6.13: DSM of the northern to the southern beach area overlaying the orthomosaicked photo of Sipadan Island is shown in A. B to G are images of
the corresponding DSM profiles numbered 1 to 8 as marked in A. i) and ii) show the enlarged areas of these profiles depicting DSM and beach characteristics
respectively. iii) Beach elevation profiles drawn from the DSM from inland to seawards.
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Figure 6.14: Photos of the southern beach of Sipadan Island showing the steep beach face.
Picture A and B are as viewed from the south and north directions respectively.

Identifying low-lying vulnerable areas
Figure 6.15 shows a map of the classified island elevation areas that are prone to
erosion and inundation due to increase in sea level. The figure shows that the lowlying areas, which have elevation less than 1 m are located all around the seawardbeach boundary. About 16,780 m2 of Sipadan Island beach lies within this low-lying
area category, which amounts to about 10% of total island area, with an estimated
sand volume of 7,225 m3. The DSM generated from the drone photos provides pivotal
information on areas that are low-lying which infers areas that are subjected to tidal
inundation. Areas that fall within the 1-2 m elevation range compose 8.8% of the
total island area, covering 14,923 m2 and have an estimated volume of 23,218 m3.
These areas are apparent at the northern and southern shores of the island and are
occasionally inundated during high tide events. The upper beaches along the eastern
to south-eastern shores and a small beach section at the north appear to show an
elevated terrace that have elevation in the range of 2-3 m. Similar surface elevation
was observed at the southern beach, but at a location further away from the
vegetation line. About 75.6% of the total Sipadan Island surface area coincide with
the highest elevations (>3 m), which is made up of the upper beaches and the
vegetated areas, as derived from the DSM. With a tidal range of 1-2 m for the east
coast of North Borneo, these upper beaches are less likely to be inundated by tidal
cycle.
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Figure 6.15: Classification of Sipadan Island surface area based on elevation information
derived from the DSM analysis. Areas coloured red coincide with lowest elevation (<1 m) and
dark green represent highest elevation. The latter denotes areas of vegetation and represent
tree heights instead of island elevation.
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6.4

Discussion
PART 1

As the above results in section 6.3.1 demonstrated, the planimetric shoreline changes
were not correlated with the volumetric changes for both Sipadan and Mabul Islands.
Twelve beach survey stations were analysed and six stations showed horizontal
shoreline retreat (based on DSAS net shoreline movement (NSM)), but accretion of
beach volume between January 2016 to October 2017. These stations were S1, S2,
S3 and S6 on Sipadan Island (Figure 6.4, page 179) and M1 and M4 on Mabul Island
(Figure 6.6, page 182). The shoreline on the sourthern end of Sipadan Island (S1)
showed the largest distance of BB recession but had the least sand accumulation as
measured from the upper beach to a distance of almost 34 m. The corresponding
beach profile (Figure 6.4) indicated that sand from the lower beach had been
transferred to the upper beach forming a prominent berm crest, and this situation
was reversed when northeast monsoon (NEM) prevails between November to
January. Hence, the retreat in BB shoreline at S1 does not reflect sand loss but merely
an increase in beach elevation due to sand transferred onshore as a result of wind
and wave action coming from the south and southwest directions during the
southwest monsoon (SWM). At the other end of the island, the north-northwestern
shores, exhibit similar variability in horizontal BB movement. The sand spit at the
northwestern shore was apparent during island visit in January 2016 within the NEM
period, but was absent in 2017 during the SWM. Sand spit formed at the northwestern
shore near the jetty and an enlarged spit developed on the south (i.e. near S1 as
seen in Figure 6.4) during the NEM due to the sand transported from the reef flat and
the northern beach by the prevailing wind and wave from the north and northeast
directions. Conversely, the locations of sand deposition changed during the SWM, in
which the prevailing wave from the south transferred sand along the eastern shores
and formed a sand spit on the north (i.e. between S4 and S5). Sand spit mobility as
a result of seasonal oscillations have been similarly observed on reef islands at the
Great Barrier Reefs (Flood 1986; Dawson & Smithers 2010) and the Maldives (Kench
& Brander 2006a).
Beach surveys revealed a distinct difference in morphology between the western and
eastern shores of Sipadan Island that was not captured by the planimetric analysis.
Both sides of the island displayed horizontal BB shoreline erosion with respect to the
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DSAS planimetric evaluation, but the beach elevation profiles uncovered a different
story. The eastern shores represented by S2 and S3 increased in volume, due to
formation of a higher dune as depicted in the beach profiles. In contrast, the western
beaches (S6 and S7) are narrower and steep, without any prominent beach
characteristics. S7 exhibited volume loss and horizontal BB retreat, indicating that
sand is removed from the beach and transferred elsewhere. The pattern of planimetric
and volumetric change indicates that on Sipadan Island, waves from the southwesterly direction are refracted at the southern end during SWM and this generates
alongshore transport and deposition of sand on the eastern (S2 and S3) up to the
northern shores (S4).
On Mabul Island, horizontal shoreline change denotes erosion for all stations, most
obviously at station M3 (Figure 6.6). Despite the retreat of BB shorelines, two stations
(M1 and M4) denote significant volumetric increase between 2016 and 2017. The
elevation profiles revealed that the morphology along station M4 at the northern part
of the island did not change significantly, but the elevation along the flat upper beach
as well as the dune have increased slightly, by +4.08 m3 of sand. The beach at M1,
located at the southern shore, received the most accumulation of sand, particularly
on the beach face. This may be caused by sand transport from further inland to the
beach as a result of human disturbance such as land clearing for building of
infrastructures. Another reason for the sand accumulation could be the presence of
extended offshore structures on both sides of M1, which had caused this particular
location to act as a sediment trap as south-westerly currents and waves deliver sand
from offshore to the beach prior to the northeast monsoon. However, it is not possible
to confidently determine these circumstances without in-depth investigations on the
island hydrodynamic processes and sediment transport regime during reversal
monsoons. This suggests that the analysis of drone images may work well as an
interpretative tool alongside other field techniques, such as the use of sediment traps
to further elucidate transport dynamics.
Distinct variability in beach morphology was revealed between survey profiles of M3
taken in 2016 and 2017, where the latter year reveals an elevated upper beach and
a distinct formation of berm crest, with a sharp drop in elevation of the beach face.
Despite the major retreat in BB shoreline position and the change of beach
characteristics, the sand volume of the profile is considered to have remained the
same (+0.64 m3). The effects of changing monsoons on shoreline changes of Mabul
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Island were less obvious than those observed on Sipadan Island. As Purkis et al.
(2016) showed on Diego Garcia, the excessive presence of building structures on the
shorelines can restrict natural sediment transportation and mask island stability.
Similarly, Flood (2018) observed that built structures have modified the natural
shoreline dynamics on Heron Island.
The lack of correlation between the volumetric and planimetric shoreline changes
assessed suggests that island dynamics must be evaluated in both a horizontal and
vertical plane to provide a complete, comprehensive picture of shoreline dynamics.
This is particularly the case for disturbed and undisturbed reef islands and impacted
by seasonal oscillations. BB shorelines of Sipadan and Mabul Islands exhibit greatest
variability as a result of seasonal wind reversal between the northeast and southwest
monsoons. Changes in wind directions will consequently modify the direction of
sediment transport and deposition on the reef platform (Flood 1986; Gourlay 1988;
Mandlier & Kench 2012). Sediment deposition is adjusted according to the new
location of the nodal point of the island and as a result, changes in size, shape and
location on the reef can occur (Flood 1986; Kench & Brander 2006a; Kench, Parnell
& Brander 2009; Flood 2018). In addition to the two-dimensional changes, results of
this study suggest that monsoonal changes could also modify beach elevations which
has been similarly documented for Raine Island, Great Barrier Reef (Dawson &
Smithers 2010) and Sasahura Ite Island, Isabel Province, Solomon Islands (Lowe et
al. 2019). Due to the mobility of sand, base of beach is a good indicator to capture
planar short term shoreline and beach volumes changes. Human disturbance on reef
islands such as presence of infrastructures could mask the natural shoreline changes
observed on the horizontal plane from aerial photos and satellite imagery (Biribo &
Woodroffe 2013; Smithers & Hoeke 2014; Duvat, Salvat & Salmon 2017; Flood 2018).
It is clear that volumetric changes often tell a different story to those measured using
planimetric methods. For example, the movement of sediment onshore results in an
increase in beach volume, with an associated inward movement of the base of beach.
In turn, this gives rise to a volumetric accretional state, but a planimetric erosional
state. Such movement can be seen in Figure 6.4 (refer to S1, S2, S3 and S5), where
berm width and height of berm crest increases on the upper beach. This study
highlights the implications of adopting the traditional two-dimensional planimetric
approach in assessing shoreline changes of reef islands and the need to integrate
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volumetric analysis to better understand reef island dynamics. Furthermore, the
results indicated that the DSAS method in quantifying shoreline change provide an
incomplete picture of shoreline dynamics. Lowe et al. (2019) demonstrate that
seasonal oscillations can modify reef islands shorelines. This is particularly the case
in relation to changes observed relative to the base of beach, in both planimetric (twodimensional) and volumetric (three-dimensional) measurements. To fully understand
shoreline changes, it is important to incorporate information on island elevations (Ford
2012) to reflect beach volume (Doyle & Woodroffe 2018). Beach volumes can be
quantified from information obtained through topographic surveys or aerial
contributed to the increased application of photogrammetry approaches, particularly
the Structure-from-Motion (SfM) techniques. To improve on this, it is important to
find a cheaper and feasible way to acquire elevation for the entire reef island surface
so that volume can be calculated, particularly for the beach as it is most changeable,
and be further applied as a proxy for assessing shoreline change.

PART 2
Visual Interpretation of island geomorphic features
Photos captured using the drone were of higher spatial resolution than any satellite
imagery or aerial photos that have hitherto been available for both Sipadan and Mabul
Islands. This is because drones capture images at lower flying altitudes, which for a
given camera sensor field of view, results in a greater spatial resolution (Hamylton
2017a; Joyce et al. 2018). The reduced focal length from the camera sensor to object
plane enables higher level of details to be captured at a finer pixel resolution. This
study demonstrates that the clarity and level of detail visible in the orthomosaicked
drone photo is greater than that of a satellites image, for example the Worldview-2
(WV2) satellite image which have resolution of 0.5 m. Viewed at the same scale on
the WV2 image, features such as vegetation, shorelines and corals were blurry and
pixelated. In addition to that, the colours of objects were less sharp on the image,
making it more difficult to differentiate between ground features located at close
proximity to each other such as the remnants of uprooted trees, trees and shadows
(see Figure 6.8.A, page 185). An object needs to be larger than a pixel size for it to
be detected on an image and becomes visually clearer when it covers more pixels on
the image (Blaschke 2010). Therefore, viewing an object with an area size of less
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than 50 cm, for example the A3 paper size GCP in Figure 6.2, will not be possible in
the WV2 image, whereas this object can be identified in the drone photos due to the
finer pixel resolution (5.2 cm). In addition, each of these GCPs cover an area of about
40 pixels in the drone photo, allowing it to retain its quality even when viewed in
larger scale, and thus, more details on texture and shape of an object can be
identified. Similarly for Mabul Island, greater details of object texture and sharper
colours of the drone photos can further assist in distinguishing different types of
vegetation such as coconut and other trees (see Figure 6.9, page 186). Details of the
coastal structures such as the retention wall on the south section of Mabul Island can
be clearly identified from the drone photo, otherwise appear as one large blurred
object in the WV2. Therefore, drone photos can better assist in quantification and
identification of different human impacts on reef islands, for example residential
buildings versus coastal protection structures.
Better delineation of shoreline proxies such as the edge of vegetation line, high
waterline and base of beach to higher level of accuracy and precision is achieved from
drone photos. In contrast, the WV2 image was only able to provide clearer delineation
between beach and water boundary owing to the contrasting colours of both entities,
the high water line and pioneer vegetation were not detected on the image. Similar
results have been reported in other research in which drone images contributed to
higher precision in delineation of vegetated areas (Han, Jung & Kwon 2017) and
underwater features (Hamylton 2017a). Previous studies have highlighted the
difficulty of accurately delineating base of beach (BB) proxies from remote sensing
images and hence, noted that the EVL is a preferable proxy to employ for reef island
shoreline change studies (Adnan, Hamylton & Woodroffe 2016). In addition,
waterlines, which are useful for identifying intertidal areas and be used for monitoring
shoreline changes are often difficult to map from satellite images (Yamano et al.
2006). Findings from this study demonstrate that these proxies, BB and waterlines
can be clearly distinguished in the drone photos. The increased level of detail in drone
images therefore provides an opportunity for BB and other shoreline proxies to be
incorporated alongside the popular EVL when assessing shoreline changes so that a
more nuanced understanding of reef island dynamics can be achieved. Because
conducting shoreline change assessments needs to incorporate uncertainties
pertaining to image resolution, digitising and georeferencing (Ford 2013),
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uncertainties pertaining to pixel resolution and digitising can be greatly reduced when
using drone photos for delineating shoreline proxies.

Aside from land features, the DJI Phantom 4 drone successfully captured details of
underwater features around the island, including the shape and size of the corals that
looked slightly blurred in the satellite image. Several coral reef researchers have
acknowledged drones as a platform in providing greater spatial resolution image to
conduct visual assessment of benthic composition (Casella et al. 2016a; Chirayath &
Earle 2016; Hamylton 2017a). However, as seen from the drone photos, quality of
photos of underwater features are often hampered by the presence of sun glint or
nearshore waves. Our study demonstrated that drone photos collected when the sun
is at a higher position (mid-day) produced better quality images and this also reduces
shadows created by trees and building structures, but sun glint on water surface will
intensify. Taking photos at an oblique angle can reduce the glint effect but introduces
errors pertaining to distortion of the imagery (Joyce et al. 2018). Despite the presence
of glint in the photos, the shoreline proxies can still be visually delineated and exposed
land features are not affected by this water surface phenomena. Moreover, our drone
photos revealed nearshore wave patterns that were enhanced by the presence of sun
glint. The utility of this for coastal hydrodynamic studies, can been seen in the analysis
of early aerial photos for coastal refraction patterns (Gourlay 1988). Further, the
technique of fluid lensing can be used to enhance the level of detail in drone images
(Chirayath & Earle 2016). Satellite imagery are often affected by the cloud cover, and
remote sensing processes for atmospheric corrections will lead to decreased quality
of the image and loss of spectral information (Liu & Yamazaki 2012). This is not an
issue for drone photos due to the lower flight altitude where drones fly under the
clouds.
Overall, a higher level of detail on colour, shape, size and texture of objects can be
achieved using drones (as seen in Figures 6.8 and 6.9), which indicate the superiority
of drone photos against other high resolution satellite imagery such as the WV2.
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DSM construction from SfM photogrammetry technique
This study demonstrates that construction of a Digital surface model (DSM) of Sipadan
Island from the photos surveyed using drones, particularly the DJI Phantom 4, was
faster than in-situ elevation mapping and cheaper compared to LiDAR techniques. To
achieve a comparable coverage of elevation information using field based approaches,
the collection of elevation points from GPS surveys requires the person to carry the
GPS equipment while walking to record coordinates around the island (Hamylton
2014). The elevation points need to cover a wider area and at smaller intervals to
achieve greater accuracy when interpolated to create a surface elevation model using
various tools such as ArcGIS. This is labour intensive and time consuming in a manner
that increases proportionally with increasing area. Drones, on the other hand, are
autonomous platforms that can be controlled remotely to collect photos on a predetermined flight path (Colomina & Molina 2014; Duffy et al. 2018). This means
operators do not have to move from one point to another to collect information for
the entire island. In contrast, airborne LiDAR can provide high accuracy elevation data
at a higher sample density. An important difference of LiDAR data is that signals that
can penetrate beyond vegetation canopy are able to reveal terrain information
underneath, which consequently opens up an opportunity to model the undulations
of the land topography, as opposed to the characteristics of the overlaying canopy
(Woolard & Colby 2002; Hamylton 2017b; Doyle & Woodroffe 2018). However, LiDAR
data are very expensive and this hampers its application in scientific research
(Hamylton 2017a). To date, commercial drones such as the DJI Phantom 4 that was
used in this study, are becoming more affordable and its associated operational cost
is low, which provide realistic low cost alternative for acquiring elevation information
of reef islands. With improved technology in the future, there is possibility that drones
can be equipped with LiDAR to accurately capture surface elevation under vegetation
canopies.
Drone photos can be subsequently processed using the Structure-from-Motion (SfM)
photogrammetry techniques to construct three-dimensional surface structure (Casella
et al. 2016a) and further generate DSM of target areas (Mancini et al. 2013; Casella
et al. 2016b; Yoo & Oh 2016; Hamylton 2017a). The recent development of userfriendly and cheap photogrammetry software such as Agisoft and Pix4D has expanded
such application in various fields of geoscience such as characterisation of forest
structure (Mlambo et al. 2017) and assessment of reef island elevation (Hamylton
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2017a). These studies have confirmed that the DSM constructed from SfM techniques
were highly comparable to those of LiDAR. Similarly, the results of this study showed
that the SfM photogrammetry techniques using Agisoft was able to generate a DSM
with high vertical accuracy (4 cm) (refer to Appendix C1 to C8 for the report on
processing of drone photos using Agisoft) and resolution of 9.2 cm for Sipadan Island
after corrections with ground control points (GCPs) placed around the island with
elevations based on mean sea level (MSL) of East Coast Malaysia. The accuracy
assessment performed showed that the DSM profiles were comparable with the insitu topographic surveyed measurements. Elevation points corresponding to
vegetation will generate higher errors as the DSM captures the tree heights instead
of the ground surface that is measured during the in-situ topographic survey. The
results also indicated that the DSM could not produce accurate measurements for
areas that are affected by moving water, which correspond to lower beach. This could
be due to the drone signals that could not penetrate well underwater and is
exacerbated by the effect of sun glint. However, DSM produced a finer elevation
profile, capturing detailed information for every 9 cm intervals whereas the in-situ
surveys only recorded a few points along each transects. This highlights the
advantage of drone DSM against the manual topographic surveys in providing detail
information on island elevation. The variation in beach elevation as seen in the
comparison between in situ topographic surveys and drone DSM (as shown in Figure
6.10, page 187) is most likely due to the impact of people walking along the beach
which could cause slight sand movement, as there was a several hours’ time
difference between the beach and drone surveys. Sand is highly mobile and hence,
sandy beaches can change within a short period of time under normal conditions even
at hourly timescales (Harley et al. 2011).
Accurate and precise measurements of island volumetric character can be achieved
from the DSM constructed through the SfM photogrammetry technique. Estimations
of the beach and vegetation area volume were made from the high resolution DSM.
However, our results indicated that drone photos were unable to obtain surface
information under vegetation canopies. Therefore, this SfM approach cannot be used
to estimate the entire island volume independently of vegetation. Another limitation
of this approach in estimating island volume is that the island interior was inferred to
have a constant elevation, by reducing the elevation of the vegetation to match those
of the highest beach area. In reality, the surface of reef islands are known not to be
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flat due to different modes and time of sediment accumulation (Woodroffe 2008) and
build-up of ridges (Kench, McLean & Nichol 2005; Kench, Smithers & McLean 2012;
Kench, Owen & Ford 2014). For this study, reducing the heights of vegetation surface
to match those of the upper beach area is an alternative to estimate island volume
when information on elevation of island interior is unavailable. Therefore, reducing
the interior island elevation to 3-5 m is the best option to estimate island volume
because reef islands usually do not exceed 3 m in elevation (McLean & Kench 2015).

Characteristics of vegetation heights
The planar cross island elevation profiles derived from the DSM (as shown in Figure
6.11, page 189) characterised vegetation heights on Sipadan Island, which would not
be possible by means of visual assessments from the nadir view provided by satellite
images and other similar aerial photos. In addition, the three-dimensional oblique
view of the orthomosaicked photo generated using the SfM techniques provided
better insights of the vegetation characteristics in comparison to the planar 2D
images. Elevation profiles revealed that vegetation heights varied from south to north
and west to east. At the southern shoreline, the elevation profile showed a pattern of
gradual increment of vegetation heights with increasing distance from EVL, which
denotes transition from low-lying pioneer to shrubs, lower trees and later the taller
forest trees as indicated by the drone orthomosaicked photo. Such a gradient reflects
typical coastal vegetation succession (Hesp 1988) or a response to environmental
gradient and enhances shoreline stability (Testut et al. 2015). The DSM further
revealed distinct variations of vegetation heights after the 200 m mark up to the
northern EVL. This could be attributed to the variation in vegetation species on the
island as seen from the drone photos and the lower height most likely corresponds to
areas of revegetation as a result of previous land clearing for building structures. It is
possible to generate a vegetation map of the entire island using drones due to its
capability to fly over canopies, otherwise limited for other UAVs such as kites and
balloons (Currier 2014; Bryson et al. 2016). Consequently, vegetation change, which
has rarely been carried out for reef islands, can also be conducted by comparing two
DSMs or using the spectral information from the drone photos to perform raster based
change analysis such as NDVI.
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Our results suggest that vegetation heights are a potentially useful proxy for
identifying eroding and accreting shorelines. Shorelines that are lined with taller
vegetation occur on coasts that are eroding or have eroded, whereas presence of
low-lying pioneer vegetation indicates that the coast is accreting (Bitton & Hesp
2013). An elevation profile drawn from the west to east (as shown in Figure 6.11.C)
revealed a distinct gradient in vegetation height, which reflects the distinct
characteristics between both shorelines. The narrow and the low elevation of the
western shore align with the DSAS results obtained in Chapter 4, denoting shoreline
erosion. Here, the DSM profiles imply that the EVL mainly consists of tall trees of
about 20 m in height, which are the older forest tree. During the field surveys (refer
to Figure 4.8, page 93 and 5.12, page 140), it was observed that the low-lying pioneer
vegetation such as creepers (Ipomoea sp.) was completely absent on the western
shorelines, but undercutting of taller vegetation and uprooted trees were evident. At
the same time, the eastern shores revealed contrasting geomorphic features, having
wider and elevated beach with low-lying vegetation such as creepers and shrubs
fronting the EVL. These observations support the results derived from the DSM and
the 3D photo, that revealed that the wider and higher eastern beach are dominated
by low-lying vegetation on the EVL. While the DSAS results derived from the satellite
imagery and aerial photos (as shown in Chapter 4) also confirms the retreating
shoreline on the west and accretion on the east, it cannot provide further information
of the underlying island characteristics that contributed to such circumstances,
whereas, the DSM and 3D photos from drones were able to resolve. Several studies
have reported similar distinct vegetation characteristics between eroding and
accreting coasts (Bayliss-Smith 1988; Collen, Garton & Gardner 2009; Rankey 2011;
Testut et al. 2015). The wider and higher elevated beach areas provide a conducive
environment for growth of pioneer vegetation and can be further succeeded by taller
vegetation with time (Hesp 1988; Doyle & Woodroffe 2018). Pioneer vegetation such
as creepers can further stabilise the shoreline by trapping sand and strengthen the
sediment by its root system (Moreno-Casasola & Espejel 1986). These results
obtained through the protocol employed in this study, elucidate the advantages of
drone photos in providing vertical and horizontal spatial information of target areas
(Gonçalves & Henriques 2015) and the capability of automated SfM techniques to
produce highly accurate 3D surface structures for vegetation cover in which Mlambo
et al. (2017) demonstrated were similar to those of LiDAR. Therefore, supplementary
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information provided by drone photos is important to understand the role of
vegetation on beach morphology and vegetation characteristics such as its heights
can possibly be a useful proxy for shoreline change analysis.

Calculation of island volumes
Calculations of island volumes were able to be achieved using the DSM derived from
the drone photos and the SfM photogrammetry techniques. The results provide
estimates of volume for each distinguished area of Sipadan Island, the whole island
had the highest volume, followed by the vegetated area, and finally the beach area
had the least volume. Information on volume and elevation can provide insights on
island morphology in relation to sediment accumulation (Biribo 2012). These results
can provide baseline information to which future studies can be compared to, for
example to determine change in vegetation characteristics. Furthermore, calculation
of volumes can be potentially used to assess changes through a raster based
approach, which is uncommon for reef islands. Comparing volume between different
features such as vegetation and beach area at different times is more feasible using
the drones. It provides opportunities to compare volume with other reef islands such
as Lady Elliot Island (Hamylton 2014), Warraber Island (Samosorn 2006), those
located within Great Barrier Reef (Hamylton & Puotinen 2015), Rocas Atoll (Costa,
Macedo & Siegle 2017) and at Tarawa Atoll in Kiribati (Biribo 2012). Interestingly,
Biribo (2012) reported that a similar sized island in Kiribati had a volume of 255,944
m3 whereas Sipadan Island had an estimated volume of 390,252 m3 (with the
assumption that maximum elevation is 3 m). Elsewhere, information on the vertical
planes have been linked to the time of sediment deposition and consequently used to
model reef island development (Woodroffe et al. 1999; Woodroffe & Morrison 2001;
Kench, McLean & Nichol 2005; Woodroffe et al. 2007). Thus, drone surveys provide
opportunities to quantify island volume, to further confirm whether the mode of island
growth remains similar to those recorded in the past.
Despite the advantages of drones in generating high accuracy elevation models for
volume calculations, they cannot detect terrain under dense vegetation cover
(Mlambo et al. 2017) as seen on Sipadan Island. Estimating volume for Mabul Island
is difficult due to extensive amount of building structures and removing these
infrastructures from the DSM layer is difficult and can contribute to errors in
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calculation. LiDAR technology can provide a better alternative to obtain surface
elevation of areas that are covered by vegetation (Mlambo et al. 2017; Doyle &
Woodroffe 2018) or building structures (Keqi et al. 2003) but integrating this
technology with drones will be highly costly. However, estimating infrastructure
volume can be achieved using the same protocol applied to estimate areas on Sipadan
Island and this is a potentially useful surrogate for degree of development in
modelling island shoreline change as described in Chapter 5.

Interpreting beach morphology from elevation profiles
Island geomorphic features can be distinguished by combining information derived
from the elevation map, drone photos and beach profiles (as shown in Figure 6.13,
page 195). The beach profiles drawn from the DSM provide details on beach
morphology allowing the detection of key geomorphological features such as dunes
and berms, otherwise difficult to identify from satellite images. Alongshore variation
in beach morphology can be depicted from the beach profiles, depicting sections that
have flat and wider upper beach as seen at the eastern shores and the beach at the
northeast is very steep. The northern and southern ends of the island have distinct
sand ridges in comparison to the rest of the eastern shores and are highly mobile as
a result of change in wave and current directions between the Northeast and
Southwest monsoons (as described in Chapter 4). Thus, drone provide better
opportunities to conduct repeat surveys of features that change according to tidal
fluctuations, seasonal oscillations, for example the highly mobile sand spit that
changes shape and size due to change in longshore sediment transport (Flood 1974;
Kench, Parnell & Brander 2009) or measuring beach elevation before and after a high
magnitude event (Kench et al. 2008; Smithers & Hoeke 2014). Similar data acquisition
from other remote sensing platforms could be costly and conventional beach surveys
will be more labour intensive.

Distribution of elevation profiles and identification of low-lying
areas
The distributions of elevation classes derived from the DSM (as shown in Figure 6.12,
page 190) summarise the information on the proportion of area that falls within a
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certain elevation. When vegetation surface is included in the elevation calculation,
27.5% of Sipadan Island area is shown to be less than 5 m above MSL. It can be
safely assumed that areas above 3 m denote area of vegetation as reef islands
commonly have surface elevation of 2-3 m (Nunn et al. 2015b). This method in
classifying elevation could also assist in quantifying vegetation based on heights
(Figure 6.12.B). Majority of the vegetation falls within the shorter tree category which
is the 5 to 15 m range (±39%), followed by vegetation of 15-20 m range (±34%)
and the taller trees covered the least area on Sipadan Island (±20%). It is important
to note, that these elevation classes do not represent actual vegetation heights
because they included the ground elevations as well. Nevertheless, quantification of
the short, medium and tall vegetation can still be estimated from this method.
Biribo (2012) adopted a similar method in deriving elevation classes that were further
incorporated into hypsometric curves to distinguish between reef islands that have
low-lying areas than those that are of higher elevation at Tarawa Atoll. A limitation of
her results is that they do not indicate where the low-lying areas are and therefore,
areas that are vulnerable to a rise in sea level could not be indicated. This study
however, utilises the information on elevation classes to create a map depicting
different beach topography and vegetation heights for Sipadan Island as shown in
Figure 6.15. The low-lying areas with elevation less than 2 m above MSL can be clearly
identified from this map. Despite the fact that the beaches of less than 1.5 m in
elevation on Sipadan Island are subject to tidal inundation, these areas are at higher
risk to permanent inundation if sea level continue to rise. Low-lying areas are at higher
risk of inundation and erosion (Yamano et al. 2007), which this study demonstrated
that it can also lead to island volume loss. Elevation maps can provide information on
vulnerable areas and further assist in proper mitigation measures, for example
replanting of vegetation or reclamation on the low-lying eroded beaches.
Furthermore, such information can assist in protecting turtle nesting areas at the
upper beaches under vegetation canopies.

6.4.3 Practicalities and limitations of using drones in monitoring reef
island changes.
Aerial photos acquired by drones, in particular the DJI Phantom 4, provide higher
level of details compared to conventional satellite images. In addition, the presence
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of built-in GPS provides built-in spatial referencing information on the horizontal and
vertical plane. The accuracy could be further improved by using the RTK-GPS to obtain
coordinates of the GCPs and through better spatial distribution of the GCPs. However,
drones products have a lower spatial footprint of coverage than those of satellite
images due to the lower flight altitude. The areal coverage a drone can capture per
flight is based on the maximum distance the on-board sensor can still detect the signal
from the controller. Drones can fly a distance of more than 1 km, hence, are able to
cover islands and the reef flats (Hamylton 2017a). A better alternative to monitor
larger areas is to break down the flight plan into smaller surveys, so that the return
distance to the take-off point can be reduced and consequently reduces the risk of
drones malfunctioning when the battery runs out. However, this may cause the
photos to have different shades which are the result of the difference in sunlight
intensity at the time they were captured. Their autonomous flight capability and the
user-friendly functions of commercial drones allow flexibility in timing and frequency
to conduct surveys which can benefit researchers who are interested in investigating
changes that occur within shorter timescales such as different stages of tide, seasonal
oscillations and before and after a storm event. Furthermore, drones, particularly the
DJI Phantom 4 can capture photos or videos at nadir or oblique views. Oblique photos
captured using UAVs can be used to obtain information under canopy areas of EVL
that are often restricted on traditional aerial photos and satellite imagery (Eulie, Walsh
& Corbett 2013). Photos of the entire island surface can be captured because drones
can fly to greater altitude above vegetation canopies in comparison to other UAVs
such as kites and balloons.
Wind gusts and extreme temperature conditions have caused some setbacks for the
drone surveys conducted on Sipadan and Mabul Islands. Lightweight drones are
usually inoperable during windy conditions (Gonçalves & Henriques 2015; Casella et
al. 2016a; Casella et al. 2016b; Gonzalez-Aguilera & Rodriguez-Gonzalvez 2017), and
the DJI Phantom 4 is a lightweight UAV (<2 kg) and has maximum wind speed
resistance of 10 m/s (DJI 2017). One way to solve this issue is to set the flight path
to follow the wind direction instead of against the wind, to reduce resistance that will
consequently increase the consumption of battery power. Flying drones during windy
conditions on low battery power is dangerous especially when surveying further
distances as the drone might not be able to return to the take off point even with the
‘Low Battery Return-To-Home’ function is triggered (DJI Phantom 4 is set to return to
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take off point when battery power drops to 15-25%). Operating drones during windy
conditions also reduces the quality and the resultant accuracy of the spatial reference
of the photos, due to instability of the drone platform. However, this can be resolved
by removing the lower quality photos prior to photogrammetric processing and
corrected with ample spread of high accuracy GCPs. Due to limitations of battery
power, usually ±15 minutes flight time per battery, it is suggested that extra batteries
are brought to the field as charging them on the islands is usually impossible, as
experienced on Sipadan Island. The study sites are located within close proximity to
the equator, and therefore experience hot tropical weather and receives high intensity
of sunlight. Due to the extreme heat on the islands during field visit, it was difficult
to have a continuous survey as the drone heated up and refused to fly. Allowing the
drone to cool down after each flight was able to resolve this problem. Another option
to avoid the extreme heat is to conduct surveys earlier in the morning when the
sunlight intensity is lower. However, this could reduce the visual quality of the photo
and create shadows of objects on the ground. Another limitation of drone applications
in scientific research is pertaining to the imposed regulations on its usage (Colomina
& Molina 2014; González-Jorge et al. 2017; Joyce et al. 2018). Therefore, necessary
measures to obtain relevant licensing and permits prior to field surveys need to be a
priority, because these permits could take up to several months to achieve and could
delay the overall fieldwork plan.

6.5

Conclusion

Despite the limitation of the beach profiles surveyed, Part 1 of this chapter
demonstrated that the traditional two-dimensional planimetric shoreline change
assessment is an incomplete picture of reef island dynamics. Information on elevation
and volume can provide a clearer understanding of shoreline behaviour and the
geomorphological characteristics of reef islands. Drones provide a cheaper and
feasible alternative to acquire high resolution aerial photos, which improves the
accuracy of shoreline change assessments. Photogrammetry techniques can be
applied to drone photos to create high resolution three-dimensional orthomosaicked
photos and accurate digital elevation models. The higher spatial resolution of drone
photos allow better delineation of shoreline proxies and island geomorphic features
compared to satellite imagery and thus, reduce uncertainties pertaining to pixel
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resolution and shoreline digitising which are commonly incorporated in quantifying
shoreline change. Information derived from the digital elevation model showed
distinct vegetation characteristics on Sipadan Island, which can potentially be adopted
as an indicator to determine erosive and accreting shorelines. Similarly, the elevation
profiles generated from drone-derived DSMs provide information on beach
morphology otherwise difficult to derive from satellite imagery. Estimation of beach
volume can be calculated using the digital elevation model, but its application is
limited within the vegetation area. The island volume under the vegetation canopy
could not be accurately quantified from the DSM generated using the drone photos
based on photogrammetry techniques. These values should be used with caution
because estimated volumes for this area are themselves based on estimated base
elevation values, which are generalised to a flat surface. This is because
photogrammetrically derived DSMs provide the elevation of the top of the canopy
rather than the topography of the underlying land surface, which is a key limitation
in the use of drones for characterising reef island volume that has emerged from this
evaluation. Elevation maps will help inform sound management of low-lying areas
that are vulnerable to rising sea levels and thus, proper mitigation measures can be
applied especially with regards to protection of natural turtle rookeries that can be
found on Sipadan Island. Despite some limitations of drones and SfM photogrammetry
techniques to produce highly reliable dataset, reef island research stands to benefit
greatly from this approach as repeated collections of very high resolution data is
possible and easier to achieve, thus allowing changes occurring on a shorter timescale
be captured.
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CONCLUSION

Introduction
Variation in reef islands throughout the world’s oceans has led to several
classifications of reef islands, based largely on sediment and vegetation
characteristics. Additional factors that contribute to reef island formation include long
term controls (sea level) on reef platform development and sediment accumulation,
physical controls such as waves and currents for sediment production and transport,
and biological controls which is related to sediment supply from biota of the
surrounding reefs.
Shoreline movements are often used to indicate reef island stability or vulnerability
and the multitude of, and variation in, the drivers that underpin reef island dynamics
are reflected in the varying shoreline movements that can be observed. This is the
case both around a single reef island and across different regional settings. There are
many factors that influence island stability such as vegetation cover, presence of
cemented features, size of reef and location on reef flat, island shape and sediment
budget.
There are limited studies on reef islands in non-atoll settings particularly at the
Southeast Asia region. Most studies on reef island change focus on quantifying and
characterising change, rather than determining the drivers underpinning these
changes. In addition, three-dimensional assessments of island dynamics have rarely
been conducted for reef islands. Therefore, this study aims to improve on the
limitations of past reef island studies that have repeatedly been mentioned in various
literature but have not been achieved.
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Summary of chapter outcomes
The analytical chapters of this thesis (2 to 6) are designed to follow a coherent
structure of increasing depth of geospatial analysis, through mapping, monitoring and
modelling, for assessments of reef island shoreline changes. A summary of the key
points that emerge from each of the analytical chapters is provided in the following
sections.

Chapter 2:
1. Sabah, Malaysia located at North Borneo is surrounded by the South China, Sulu
and Celebes Seas and significantly have more islands in comparison to the other
states of Malaysia. The areas around the north to the southeast coast of Sabah,
which are part of the Sulu and Celebes Seas respectively, have higher numbers
or reef islands compared to the west coast.
2. There are about 515 islands within Sabah’s maritime borders which, were
identified from the mapping exercise. Out of this amount, 44 were recognized as
reef islands, in which 31 were vegetated and 11 had no vegetation on them.
Some degree of development or human establishments were discovered on 26
reef islands whereas 18 others had none.
3. There is a lot of variability between reef islands in terms of vegetation cover and
degree of development. Although 31 reef islands were identified as vegetated,
only 12 have dense vegetation cover. A larger number of reef islands, 19 in total,
have sparse vegetation and the remaining 13 reef islands had no vegetation.
4. This chapter improved on what is known to date about islands of Sabah, Malaysia
as published by JUPEM (2005) by using satellite images. The criteria and
approaches applied in this study were able to assist in distinguishing reef islands
from other type of islands and further used to map their distribution which have
never been done for Malaysia, particularly the state of Sabah. This chapter
revealed the variability in characteristics between reef islands of North Borneo
and the adopted classification scheme can be a baseline to determine sensitivity
between them.
5. This was a desktop-based study and hence is limited in detail characteristics of
fine scale topography and sediment composition of the islands.
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Chapter 3:
1. North Keeling Island, of Cocos Keeling Islands group situated in the East Indian
Ocean is a densely vegetated uninhabited reef island, which has a semi-crescentic
shape and a swampy lagoon.
2. Two different shoreline proxies, namely the edge of vegetation line (EVL) and
base of beach (BB) were derived from aerial photos to assess the shoreline
changes on North Keeling Island. There is little correspondence on rate of
shoreline change measured between the EVL and BB proxies. EVL shoreline
indicated reduction of North Keeling Island area, reflecting shoreline erosion,
whereas BB proxy denote planform area accretion.
3. The coastal processes underpinning BB shoreline fluctuations are different from
those that influence the EVL. BB shoreline is more dynamic due to the nature of
sand, that is easily reworked and mobilised by changing hydrodynamic forces and
thus is a reflection of sediment source and supply around the island periphery.
In contrast, EVL is more resilient to changes as vegetation provide some stability
to the shoreline by binding sediment through their root properties.
Geomorphological characteristics of the shoreline also influences the spatial
variation around the island periphery.
4. Reef island studies commonly use a single proxy in assessing spatial and temporal
shoreline changes, in which, the EVL is often selected as it is easily distinguished
from images compared to the BB. However, there are very limited studies that
have pointed out the different characteristics between these proxies, but none
have attempted to compare the results generated by adopting the BB with those
measured using the EVL. This study proved that results on reef island shoreline
change assessments are dependent on the selected shoreline proxy as the rate
of change indicated by BB and EVL both were dissimilar, which further reinforces
the different processes that underpin shoreline movements.
5. This study is supported by evidence based on available literature, information
and photos provided by GeoScience Australia and Pulu Keeling National Parks.
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Chapter 4:
1. Sipadan and Mabul Islands of North Borneo are both vegetated reef islands
developed on non-atoll reef platforms. Both islands are popular tourist
destinations and presence of building structures are extensive on Mabul Island
compared to Sipadan Island which has been gazetted as a Marine Park. These
islands are influenced by changes in weather patterns due to the Northeast and
Southwest Monsoons.
2. Base of beach (BB) and edge of vegetation line (EVL) were manually digitised
from historical aerial photos and satellite images with varying resolutions
spanning 32 years (1978-2010) for Sipadan Island and 17 years (1998-2015) for
Mabul Island through visual interpretations. Visual quality of images can assist in
a more accurate delineation of shorelines which consequently reduces the errors
pertaining to digitising and can be done through image enhancements in ArcGIS
such as pansharpening and histogram stretch. BB shorelines indicated that both
islands have reduced in areal size over the study period, in which Sipadan Island
was initially 0.199 km2 (1978) and reduced to 0.174 km2 (2010) whilst Mabul
Island reduced from 0.297 km2 (1998) to 0.269 km2 (2015). Conversely, EVL
proxy denote that Sipadan Island have increased in area over the same time
period from 0.141 km2 to 0.143 km2.
3. Shoreline fluctuations between monsoons were revealed by the BB proxy. Sand
is most likely to be deposited on the North of Sipadan Island and along the
northern shores of Mabul Island during the Northeast monsoon. Shift in beach
accretion from the North to the southeast and North to northeast and south on
Sipadan and Mabul islands respectively occurred during the Southwest monsoon.
Transects cast using the Digital Shoreline Analysis System (DSAS) were able to
capture the spatial variability of shoreline movements where the western beaches
of Sipadan Island exhibit long term erosion whereas the eastern shores denote
accretion, coinciding with presence of low-lying pioneer vegetation such as
crawlers. The west beach of Mabul Island remained stable over the years due to
the heavy presence of building structures onshore and offshore that restricted
the sand movement at this location, and the highly fluctuating beaches were
located along the northern shores, where less building structures were present.
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4. This study compares the shoreline change calculations derived by employing
datasets acquired within the same season and different seasons to distinguish
between short term beach oscillations and long term shoreline movements on a
semi-protected and highly disturbed reef islands. This study shows the
importance of utilizing datasets representing the same season which has never
been emphasized in other similar reef island studies, and consequently can lead
to inaccuracy when reporting shoreline changes especially areas that are
influenced by seasonal oscillations. Most studies on reef island change occur on
atoll settings and therefore this study adds value to knowledge on reef island
dynamics of non-atoll settings at a region that is to date, is still understudied.
5. Although careful measures have been taken to reduce the errors associated with
image processing and shoreline digitizing, accurate delineation of the shorelines
were hampered by the poor quality of the older images.

Chapter 5:
1. Mabul, Sipadan and North Keeling Islands are vegetated reef islands of non-atoll
settings with various degree of human disturbance as reflected through the
amount of building structures present on the islands. Extensive building
structures are built on Mabul Island that are related to the tourism industry and
local residents. This contrasts with the neighbouring Sipadan Island, which is a
protected island that has minimal infrastructures that were built to house local
authorities and tourism facilities. North Keeling Island represents an uninhabited
protected reef island that do not have any development structures on it.
2. Shoreline change analysis revealed that the movements of base of beach (BB)
and edge of vegetation line (EVL) proxies were not similar for all study sites.
Analysis of BB and EVL shoreline changes based on different temporal groups
indicate that Sipadan Island is undergoing long term shoreline erosion, most
notably on the north, northwest and southwest coasts, whereas only BB proxy
was able to capture seasonal beach fluctuations that were observed on the NNW,
N and SSE beaches. The NW and NE beaches of Mabul Island showed substantial
beach fluctuations between monsoons whereas the shoreline along the western
coasts that have extensive building structures remained stable over the years.
Shoreline change analysis of 24-year period for North Keeling Island
218

demonstrated significant beach erosion on the NW, accretion on the NNE and SE
beaches, whereas the EVL indicate erosion along the northern and SSW coastline.
There were some locations that displayed coherent movements between BB and
EVL proxies, particularly along the SW to SE (lagoon entrance) and up to the NE
coasts.
3. Spatial models were developed for each study site to explain the variation of
shoreline change rates around the island periphery for different shoreline proxies
and different temporal datasets. The spatial model indicated that vegetation
characteristic is an important factor influencing BB shoreline movements on
Sipadan Island, where taller trees correspond to beach erosion and conversely
shorter vegetation denote shoreline accretion. Models for Sipadan and North
Keeling Islands indicated that sediment characteristics is a strong variable
influencing EVL change. In addition, models for all studied islands indicated that
sediment characteristics are strong variables to be included in shoreline change
models. Presence of building structures, particularly length of offshore structures
on Mabul Island were identified as a strong variable influencing BB shoreline
change.
4. This study goes beyond the common planform shoreline change assessment by
utilising information on environmental gradients around these islands to identify
drivers underpinning shoreline changes using a spatial modelling approach. There
are no known other similar studies that empirically assess the relationship
between variation in environmental characteristics and their observed shoreline
changes at a finer scale as this. In addition, the incorporation of building
structures as surrogates of environmental variable provides the opportunity to
empirically assess the impact of development on reef island dynamics, which have
never been attempted in similar shoreline change assessments. The spatial
models were able to provide significant validation that BB and EVL proxies behave
differently, which both BB and EVL proxies are suitable for long term change
assessments, but only BB can capture short term shoreline modifications driven
by monsoonal oscillations. By comparing three vegetated reef islands, with
different environmental characteristics and degree of development, this study
was able to demonstrate that dynamics of reef islands are not homogenous and
their shoreline behaviour are dependent on the localised environmental settings.
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5. These models were developed specifically for the individual studied reef islands.
Hence, their applicability to other reef islands, particularly of different
geographical location and reef settings may not be suitable. Quantification of
building structures to generate independent variables in the spatial models may
need to be improved in future studies to holistically represent development
impacts on reef islands

Chapter 6:
1. This study goes beyond the conventional planimetric approach in assessing reef
island change by including vertical information to elucidate volumetric changes
that occurred on Sipadan and Mabul Islands. Quantification of beach volume
change from beach profile surveys conducted around the islands in January 2016
and October 2017 were compared to the net shoreline movements of base of
beach proxy derived from satellite image and orthomosaicked drone photos close
to the dates of when beach profile surveys were carried out. Results revealed
that there was no correlation between the planimetric and volumetric shoreline
changes on both islands. Half of the shoreline transects (i.e. 4 out of 7 and 2 out
of 5 transects on Sipadan and Mabul Islands respectively) displayed net shoreline
erosion but increase in beach volume. In addition, surveyed profiles revealed
distinct morphological characteristics between the western and eastern beaches
of Sipadan Island, where beach is steep and narrower on the west and the east
have wider upper beach. These findings emphasize the importance of treating
reef islands as three-dimensional entities because the conventional twodimensional planimetric assessment reflect an incomplete story of shoreline
dynamics.
2. The drone used in this study, captured higher spatial resolution photos than any
satellite images or aerial photos that previously been available for Sipadan and
Mabul Islands. The orthophotomosaicked generated from the drone photos in
this study had very high spatial resolution (5.2 cm pixel) and as a result, provide
better clarity, greater details on colour, shape, size and texture of objects which
is greatly beneficial for accurate delineation of shoreline proxies, identifying
vegetation types and island features.
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3. The methodological approach adopted in this study which include the drone
surveys, collection of ground control points and further image processing using
the Structure-from-Motion (SfM) photogrammetric technique were able to
produce Digital surface model (DSM) with high spatial resolution (9.2 cm) and
vertical accuracy (4 cm) for Sipadan Island. Various information was derived from
the DSM such as beach elevation profiles revealing detailed beach morphology
around the island, characterisation of vegetation heights, low-lying areas and
quantification of beach volume. This information, otherwise not possible to obtain
from planar images and the common two-dimensional shoreline change
assessments, revealed that the western beach is narrow and lower in elevation
with taller trees on the shoreline whereas the eastern beach is elevated, wider
and bordered by low-lying vegetation
4. At the time of this study, there is only one available published study on the use
of drones in monitoring reef islands and hence, results of this study adds value
to the current knowledge. The information on benefits and challenges associated
with conducting drone surveys on reef islands based on true experiences in this
study can provide important guidance and motivation for other researchers to
employ drones as tools for environmental monitoring. This chapter, provides an
original methodological approach on how to conduct drone surveys, collect
ground control points and image processing using the Structure-from-Motion
(SfM)

photogrammetric

technique

to

produce

high

resolution

orthophotomosaicked and DSM which can improve the accuracy of twoDimensional and three-Dimensional shoreline change assessments. In addition,
this is the first study that have demonstrated that drones, particularly the DJI
Phantom 4, provide cheaper alternative to obtain information on beach elevation
on reef islands in comparison to LiDAR and provide more comprehensive areal
cover compared to manual beach or GPS surveys that are often laborious, which
consequently can be used for quantification of beach volume.
5. The elevation information derived from photogrammetric analysis of drone
images could not capture the surface elevation underneath vegetation canopies.
This imposed a significant limitation on the calculation of Sipadan Island volume,
which was approximated based on the elevation of the upper beach.
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Summary of key outcomes:
Several clear implications for the continued assessment of reef island vulnerability
through geospatial analysis follow on from these findings. These are now summarised
in terms of mapping, monitoring and modelling reef island dynamics.

Mapping reef islands
At a small scale, the value of Google Earth as a first pass mapping tool for reef islands
enabled statements to be made in Chapter 2 about the number and characteristics of
islands in within the maritime border of Sabah. This enabled useful information to be
accessed on their broad characteristics, including area, shape, vegetation cover,
degree of development and approximate elevation (from associated SRTM
information). This comprehensive repository of satellite images revealed the
variability in character of Sabah’s reef islands, but not high level details of individual
reef islands, such as finer scale topography and sediment characteristics.
At a larger scale, more detailed mapping of individual islands and their character is
now possible using drone technology, including fine scale elevation characteristics
from

high

resolution

DSMs

derived

using

Structure-from-Motion

(SfM)

photogrammetry. The final analytical chapter of this thesis (Chapter 6) has
demonstrated, for the first time, a method for conducting drone surveys, collecting
ground control points and processing resulting images using the SfM photogrammetric
technique to produce high resolution orthophotomosaicked and DSM which can
improve the accuracy of two-Dimensional and three-Dimensional shoreline change
assessments. These have considerably increased the level of detail and about features
that can be accurately mapped on reef islands. Moreover, drones have enabled the
islands to be mapped in three dimensions, including volumetric assessments of
change, which varied depending on whether shorelines were eroding or accreting.
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Monitoring reef island changes
The Digital Shoreline Analysis System was applied to case study reef island sites in
North Keeling, Sipadan and Mabul Islands to monitor shoreline changes. This revealed
variability in shoreline behaviour around the peripheries of all islands studied. The
subjectivities inherent in planimetric approaches to evaluating shoreline change was
apparent in analytical decisions made around selecting shoreline proxies (e.g. the
vegetation line or the base of the beach), selecting time periods over which to analyse
change (seasonality, monsoons etc.) and the general character of the shorelines
assessed (protected / exposed, undeveloped / developed).
The use of drones to derive a high resolution DSM provided an opportunity to compare
volumetric assessments of shoreline change, using in situ profiles, with planimetric
assessments of change from above. The lack of correspondence between these
assessments of shoreline change suggested that no single approach to the
assessment of shoreline changes on reef islands is necessarily reliable alone. Indeed,
a more complete picture of island dynamics can be gained by employing multiple
approaches to change evaluation.
The superiority of drones against other remote sensing platforms in collecting high
resolution images for environmental monitoring can be seen in terms of cost, time
and skills required for conducting surveys. Furthermore, investigating short term
shoreline fluctuations, such as during different tide levels, at an hourly or daily
timescale, are now feasible with drones. Despite the many benefits of employing
drones in monitoring environmental changes, drone signals are unable to penetrate
vegetation canopy and as a result, digital elevation model for the entire ground
surface was impossible to achieve for the study site. This is a major limitation that
has been identified in this study and has hampered the opportunity to conduct whole
island volumetric analysis. Nevertheless, the DSM was able to provide reliable
information for beach volume analysis, characterising vegetation type (low-lying
vegetation to taller forest trees) and identifying detailed beach geomorphology
(example: upper beach, berm and beach face), to monitor island dynamics in a threedimensional manner. Change of the beach is likely to represent the major component,
if not the only component of the island topography that undergoes change at this
time scale.
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Modelling the underlying causes of reef island changes
Spatial models make it possible to go beyond simply characterising shoreline change
to link these changes statistically to underpinning causal factors. Biophysical factors
that appeared to have a strong influence on shoreline change included the degree of
shoreline development (at the Mabul site) and the sediment characteristics
particularly the very fine gravel and very fine sand on vegetation line (at the Sipadan
site). Models further revealed that, sediment characteristic of very fine sand is a
strong driver underpinning shoreline change for all sites. Whereas at North Keeling
Island, the availability of accommodation space for sediment accumulation as
represented by the distance from the reef edge, had a strong influence on shoreline
change.
While the unique, localised environmental setting of each case study site precluded
the application of spatial models developed at a given case study site elsewhere, the
models themselves emerged as a useful basis for comparison of the underlying drivers
of shoreline changes at each case study site. They also emphasised the apparent
difference in reef island behaviour depending on the shoreline proxy selected
(vegetation line or base of beach).
It is clear that the tools for mapping and monitoring shoreline changes on reef islands,
alongside the analytical techniques for interrogating their underlying causes, are
rapidly developing. With this comes exciting opportunities for expanding our
understanding of reef shoreline behaviour, its variability and relationship to localised
biophysical drivers. Moreover, the growing range of tools and approaches for
assessing shoreline changes needs to be employed with a critical awareness of their
inherent limitations, the incompleteness of the picture they show us and the
subjectivities that are invoked as decisions are made in their implementation. Indeed,
a comprehensive picture of reef island vulnerability is largely gained through a multifaceted approach to assessment that includes a range of mapping approaches
(Google Earth, drones), monitoring approaches (planimetric, volumetric) and spatial
modelling to relate observations of shoreline change to underlying drivers. It is
suggested that such a methodological framework can bring new insights to the
analysis of reef island dynamics for monitoring and adapting to coastal environmental
changes in the twenty-first century.
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Appendices A
Appendix A: Chapter 4
A.1. Images of Sipadan Island used in this study. All images are scaled to 1:15000

A.2. Images of Mabul Island used in this study. All images are scaled to 1:24000
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Appendices B
Appendix B: Chapter 5
B.1. Vegetation map of North Keeling, 2011. Data source: Geoscience Australia.
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B.2.a Values of dependent variables derived for Sipadan Island.

BB (EPR) m/year

EVL (EPR) m/year

Sipadan
Station

NEM

SWM

ALL

NEM

SWM

ALL

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12

-0.50
-0.90
-0.31
0.35
1.27
1.19
1.04
0.22
0.06
-0.40
-0.92
-0.45

0.29
-0.64
-0.37
0.48
1.60
1.20
0.77
0.12
0.79
-0.19
-0.87
-0.70

-0.13
-0.99
-0.92
0.11
1.30
1.20
1.01
0.24
-0.29
-0.87
-1.36
-0.77

0.10
0.20
-0.21
-0.18
0.88
0.90
0.98
0.73
0.87
-0.18
-1.04
-0.10

-0.20
0.28
-0.16
0.07
0.60
1.03
0.95
0.35
0.30
-0.36
-1.24
-0.20

-0.26
0.42
-0.35
-0.25
0.73
0.78
0.91
0.71
0.71
-0.13
-1.19
0.03

B.2.b. Values of independent variables derived for Sipadan Island.

Sipadan
Station

Aspect/
Direction

Distance from
reef edge (m)

Vegetation
Height (m)

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12

339.91
350.47
2.80
14.21
45.00
76.25
98.27
124.52
146.76
158.68
191.12
300.56

45.67
73.33
126.49
178.72
280.16
397.56
457.12
546.47
586.74
502.62
343.28
202.52

20.00
5.00
5.00
0.40
1.50
0.50
1.00
0.50
1.50
10.00
10.00
10.00
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B.2.c. Values of independent variables based on sediment characteristics derived for Sipadan Island.

Sediment statistical parameters

Main Sediment type (%)

Sipadan
Station

Mean

Sorting

Skewness

Kurtosis

Gravel

Sand

Mud

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12

1.47
1.17
1.31
1.26
1.03
0.58
0.71
1.04
1.18
1.25
1.14
1.68

0.58
0.68
0.64
0.69
0.67
1.04
0.76
0.69
0.69
1.34
0.64
0.55

-0.01
-0.14
-0.14
-0.12
-0.04
-0.16
0.05
-0.12
-0.15
0.10
-0.18
0.24

1.35
0.89
1.24
1.10
0.74
1.26
1.03
0.77
0.92
1.13
0.79
1.07

0.04
0.18
0.00
0.05
0.09
5.20
0.09
0.50
0.55
1.06
0.00
0.00

99.96
99.82
100.00
99.95
99.91
94.80
99.91
99.50
99.45
94.95
100.00
100.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.99
0.00
0.00

Sediment Particle Size (%)
Very
Medium Very Fine
Coarse Medium
Coarse
Gravel
Gravel
Sand
Sand
Sand
0.00
0.04
0.13
15.53
72.44
0.00
0.18
2.41
32.53
58.30
0.00
0.00
0.99
22.67
68.07
0.00
0.05
1.37
26.81
62.62
0.00
0.09
3.54
43.75
47.84
4.94
0.26
17.98
44.72
30.16
0.00
0.09
15.78
53.48
29.92
0.00
0.50
4.91
40.21
50.40
0.00
0.55
2.71
30.72
59.19
0.00
1.06
15.24
27.26
32.11
0.00
0.00
2.18
34.97
58.14
0.00
0.00
0.09
4.31
73.70
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Very
Very Fine
Coarse
Sand
Silt
11.85
0.00
0.00
6.58
0.00
0.00
8.26
0.00
0.00
9.15
0.00
0.00
4.78
0.00
0.00
1.94
0.00
0.00
0.73
0.00
0.00
3.97
0.00
0.00
6.83
0.00
0.00
14.74
5.61
3.94
4.70
0.00
0.00
21.89
0.00
0.00
Fine
Sand

B.3. Correlation matrix for independent variables of Sipadan Island. r values are stated in the boxes.

Mean
Sorting
Skewness
Kurtosis
Gravel
Sand
Mud
M_Gravel
VF_Gravel
VC_Sand
C_Sand
M_Sand
F_Sand
VF_Sand
VC_Silt
Direction
Dist_reef
VegHeight

Mean
1
-0.39
0.43
0.16
-0.61
0.40
0.10
-0.60
-0.12
-0.75
-0.94
0.83
0.87
0.10
0.10
0.47
-0.49
0.64

Sorting Skewness Kurtosis Gravel Sand Mud M_Gravel VF_Gravel VC_Sand C_Sand M_Sand F_Sand VF_Sand VC_Silt Direction Dist_reef VegHeight
1.00
0.11
0.23
0.57
-0.93
0.84
0.41
0.78
0.81
0.28
-0.76
-0.03
0.84
0.84
-0.21
0.47
-0.10

1.00
0.20
-0.23
-0.05
0.39
-0.26
0.11
0.11
-0.43
0.01
0.71
0.39
0.39
0.33
-0.03
0.37

1.00
0.34
-0.35
0.16
0.37
-0.06
0.20
-0.41
0.09
0.32
0.16
0.16
0.04
-0.37
0.41

1.00
-0.81
0.09
0.98
0.25
0.67
0.33
-0.56
-0.29
0.09
0.09
-0.20
0.29
-0.27

1.00
-0.66
-0.68
-0.66
-0.78
-0.19
0.68
0.01
-0.66
-0.66
0.15
-0.40
0.06

1.00
-0.09
0.81
0.46
-0.10
-0.43
0.36
1.00
1.00
0.01
0.32
0.24

1.00
0.03
0.59
0.31
-0.47
-0.32
-0.09
-0.09
-0.20
0.14
-0.26

1.00
0.48
0.12
-0.50
0.10
0.81
0.81
-0.03
0.67
-0.08
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1.00
0.61
-0.95
-0.37
0.46
0.46
-0.28
0.55
-0.31

1.00
-0.78
-0.91
-0.10
-0.10
-0.47
0.51
-0.65

1.00
0.52
-0.43
-0.43
0.37
-0.63
0.45

1.00
0.36
0.36
0.45
-0.32
0.58

1.00
1.00
0.01
0.32
0.24

1.00
0.01
0.32
0.24

1.00
-0.34
0.69

1.00
-0.46

1.00

B.4.a. Values of dependent variables derived for Mabul Island.

BB (EPR) m/year
Mabul
Station

NEM

SWM

ALL

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

2.60
0.58
1.34
1.42
-1.15
-0.31
-0.16
-1.67
3.58
-0.41
4.06
4.65
-0.54
1.85
0.16
0.00
0.47

1.01
-0.32
0.61
0.93
-1.24
-2.58
-7.06
-6.53
2.79
1.87
-0.09
0.92
-2.48
0.82
0.58
0.77
0.63

1.72
-0.13
0.75
1.20
-0.97
-1.52
-4.59
-4.85
2.58
1.40
1.35
2.11
-2.09
1.53
0.45
0.63
0.57

B.4.b. Values of independent variables derived for Mabul Island.
2

Mabul
Station
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Structure
width (m)

Structure
depth (m)

15.00
90.00
36.00
13.00
21.00
69.50
92.50
25.00
32.50
100.00
0.00
0.00
84.00
15.00
74.00
95.00
100.00

31.00
36.00
28.00
28.00
27.50
14.00
28.00
17.00
40.00
32.00
0.00
0.00
41.00
32.00
45.00
50.00
50.00

Features within 100 m boundary
Offshore
Area of
Area of
structure length structure cover
vegetation
(score)
(%)
cover (%)
2.00
5.00
2.00
2.00
1.00
1.00
1.00
5.00
3.00
5.00
1.00
1.00
2.00
3.00
2.00
3.00
2.00

5.93
29.88
8.86
5.56
2.17
3.35
9.60
2.88
8.85
30.87
0.00
0.00
22.23
3.34
40.77
76.50
32.15
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6.13
2.02
8.58
12.47
20.57
21.12
23.10
20.38
7.60
0.00
11.18
4.75
12.42
17.60
1.63
0.00
2.15

Vegetation
width (m)
100.00
0.00
77.00
100.00
82.00
34.00
0.00
67.00
61.00
0.00
91.00
67.00
0.00
70.00
0.00
0.00
0.00

Distance from Aspect/
reef edge
Direction
668.97
257.24
656.71
671.24
679.61
652.61
486.76
365.62
154.47
228.44
163.28
151.15
217.62
168.94
435.38
536.01
602.72

169.34
65.53
177.39
172.99
136.07
150.89
123.10
92.26
21.16
59.82
349.14
9.27
315.29
333.96
258.17
208.97
190.12

B.4.c. Values of independent variables on sediment characteristics derived for Mabul Island.

Sediment statistical parameters

Main Sediment type (%)

Mabul
Station

Mean

Sorting

Skewness

Kurtosis

Gravel

Sand

Mud

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

1.17
1.52
0.29
0.68
0.43
0.38
-0.46
-0.67
0.03
1.64
0.43
0.42
0.73
0.46
0.04
0.22
0.04

0.85
1.10
1.01
1.01
1.12
0.97
0.55
0.53
0.80
0.69
0.76
0.88
0.95
0.92
0.93
1.28
0.89

-0.06
0.10
-0.02
-0.17
0.07
0.10
0.04
-0.24
0.24
0.07
-0.02
0.06
0.06
0.07
0.00
-0.18
0.14

0.97
1.23
0.94
0.91
0.89
0.82
1.34
1.08
0.88
1.25
1.17
0.95
1.00
0.89
1.06
1.34
0.96

0.58
0.93
7.67
5.76
6.20
3.61
8.87
20.64
3.37
0.00
0.00
0.25
0.51
0.28
8.28
12.00
6.59

99.42
94.55
92.33
94.24
93.80
96.39
91.13
79.36
96.63
100.00
100.00
99.75
99.49
99.71
91.72
88.00
93.41

0.00
4.52
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

Medium Fine
Gravel Gravel
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.34
5.15
0.00
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0.00
0.00
1.29
0.85
1.77
0.00
0.39
0.00
0.14
0.00
0.00
0.00
0.00
0.00
1.09
1.27
1.92

Very
Fine
Gravel
0.58
0.93
6.38
4.90
4.43
3.61
8.48
20.64
3.23
0.00
0.00
0.25
0.51
0.28
4.84
5.58
4.67

Sediment Particle Size (%)
Very
Coarse Medium
Coarse
Sand
Sand
Sand
5.53
4.29
31.77
17.86
31.80
35.30
76.37
76.29
49.91
0.30
24.30
31.74
19.51
31.96
40.85
29.85
45.22

33.20
22.18
37.06
34.65
31.67
34.55
14.24
2.29
34.23
14.25
56.25
44.64
43.48
41.37
38.50
35.90
33.71

46.15
44.13
22.76
37.22
23.31
22.70
0.51
0.52
12.12
62.16
19.43
20.30
29.45
22.61
12.35
21.10
14.20

Very
Fine Very Fine
Coarse
Sand
Sand
Silt
14.49
22.04
0.74
4.51
6.79
3.83
0.00
0.26
0.36
23.25
0.01
2.50
6.07
3.12
0.03
1.15
0.28

0.07
1.92
0.00
0.00
0.22
0.01
0.00
0.00
0.00
0.03
0.00
0.57
0.98
0.66
0.00
0.00
0.00

0.00
4.47
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

B.5. Correlation matrix for independent variables of Mabul Island. r values are stated in the boxes.

Mean Sorting Skewness Kurtosis Gravel Sand Mud
Mean
Sorting
Skewness
Kurtosis
Gravel
Sand
Mud
M_Gravel
F_Gravel
VF_Gravel
VC_Sand
C_Sand
M_Sand
F_Sand
VF_Sand
VC_Silt
Direction
Dist_reef
Struc_Width
Struc_Depth
Off_S_Length
Struc_Cover
Veg_Cover
VegWidth

1.00
0.34
0.21
0.06
-0.72
0.64
0.46
-0.16
-0.27
-0.72
-0.95
0.13
0.97
0.89
0.50
0.46
-0.06
-0.13
0.10
0.06
0.29
0.10
-0.46
-0.03

1.00
0.01
-0.17
-0.17
0.12
0.27
0.49
0.46
-0.38
-0.50
0.47
0.28
0.09
0.30
0.27
0.18
0.32
0.09
0.35
-0.14
0.45
-0.33
-0.05

1.00
-0.28
-0.61
0.58
0.18
-0.40
-0.07
-0.55
-0.09
0.21
0.07
0.16
0.27
0.18
-0.19
-0.32
0.21
0.12
-0.16
-0.15
-0.08
-0.26

1.00
0.20
-0.27
0.30
0.44
-0.09
0.12
0.02
-0.37
0.06
0.25
0.11
0.30
-0.04
-0.21
0.52
0.15
0.36
0.56
-0.28
-0.54

1.00
-0.98
-0.19
0.37
0.37
0.95
0.71
-0.55
-0.61
-0.46
-0.40
-0.19
-0.12
0.37
0.12
0.15
0.21
0.22
0.25
-0.08

1.00
-0.01
-0.36
-0.34
-0.94
-0.65
0.60
0.55
0.35
0.24
-0.01
0.18
-0.34
-0.17
-0.18
-0.31
-0.26
-0.20
0.14

1.00
-0.08
-0.19
-0.16
-0.34
-0.20
0.32
0.58
0.83
1.00
-0.25
-0.19
0.26
0.11
0.47
0.17
-0.26
-0.28

Med_ Fine
Vfine Vcoarse Coarse Med_ Fine
Gravel Gravel Gravel Sand
Sand Sand Sand

1.00
0.35
0.09
0.01
0.11
-0.13
-0.21
-0.18
-0.08
0.20
0.14
0.35
0.45
0.07
0.84
-0.42
-0.38

1.00
0.18
0.15
0.09
-0.22
-0.32
-0.33
-0.19
0.11
0.63
0.20
0.47
-0.28
0.37
-0.16
-0.10

1.00
0.75
-0.65
-0.60
-0.41
-0.35
-0.16
-0.20
0.28
0.01
-0.02
0.25
-0.04
0.40
0.03

1.00
-0.35
-0.93
-0.73
-0.40
-0.34
-0.11
0.05
0.00
-0.06
-0.15
-0.16
0.52
-0.07
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1.00
0.02
-0.32
0.03
-0.20
0.57
-0.13
-0.36
-0.15
-0.62
-0.06
-0.19
0.28

1.00
0.88
0.32
0.32
-0.10
-0.01
0.10
0.09
0.33
0.12
-0.45
0.01

1.00
0.51
0.58
-0.31
-0.11
0.26
0.10
0.54
0.12
-0.35
-0.18

Vfine Vcoarse
Dist_ Struc_ Struc_
Direction
Sand
Silt
reef Width Depth

1.00
0.83
-0.05
-0.42
0.15
0.07
0.33
0.05
-0.14
-0.26

1.00
-0.25
-0.19
0.26
0.11
0.47
0.17
-0.26
-0.28

1.00
0.01
-0.06
0.12
-0.31
0.10
0.13
0.04

1.00
0.09
0.21
-0.34
0.06
0.17
0.15

1.00
0.64
0.29
0.72
-0.31
-0.95

1.00
0.30
0.71
-0.41
-0.56

Off_S_
Length

1.00
0.32
-0.32
-0.27

Struc_ Veg_
Cover Cover

1.00
-0.65
-0.71

1.00
0.33

B.6.a. Values of dependent variables derived for North Keeling Island.
North
Keeling
Station
1
2
3
4
5
6
7
8
9
12
11
10
14
15
16
18
17
13
19
20
21

EVL (EPR)
m/year

BB (EPR)
m/year

ALL

ALL

0.14
0.30
0.24
0.25
-0.12
8.55
8.55
-0.33
0.15
-0.30
-0.63
-2.18
-0.63
-0.29
-0.18
0.21
-0.01
-0.18
-0.07
-0.10
-0.22

0.13
0.53
0.51
0.43
0.10
1.37
1.37
-0.25
-1.02
-0.58
-0.64
-0.67
-0.16
-0.70
0.13
0.53
0.35
0.13
-0.21
-0.41
-1.62

B.6.b. Values of independent variables derived for North Keeling Island.
2

North
Keeling
Station

Aspect/
Direction

Distance from
reef edge (m)

1
2
3
4
5
6
7
8
9
12
11
10
14
15
16
18
17
13
19
20
21

102.77
143.45
73.25
83.99
120.43
244.29
378.45
186.70
92.32
103.30
93.86
132.55
99.10
109.87
77.77
114.39
78.14
93.90
36.54
46.63
71.71

22.50
30.65
63.05
86.97
103.10
121.67
119.10
143.25
160.74
167.47
165.17
166.20
189.68
199.72
211.30
238.94
223.20
178.20
325.99
332.92
343.46

Geomorphic Features within 100 m boundary
Vegetation
Height (m) Conglomerate Conglomerate Beachrock Beachrock
width
depth
width
depth
10.00
0.00
0.00
0.00
0.00
5.00
0.00
0.00
63.00
15.00
5.00
0.00
0.00
0.00
0.00
5.00
63.00
13.00
33.00
20.00
5.00
100.00
35.00
100.00
40.00
0.00
45.00
220.00
0.00
0.00
0.00
45.00
220.00
0.00
0.00
5.00
100.00
89.00
0.00
0.00
1.00
100.00
30.00
0.00
0.00
5.00
100.00
22.00
0.00
0.00
5.00
100.00
35.00
0.00
0.00
5.00
100.00
35.00
0.00
0.00
5.00
0.00
0.00
0.00
0.00
5.00
88.00
50.00
12.00
35.00
1.00
100.00
30.00
100.00
47.00
10.00
100.00
40.00
0.00
0.00
10.00
62.00
48.00
0.00
0.00
5.00
62.00
30.00
38.00
25.00
5.00
0.00
0.00
0.00
0.00
10.00
0.00
0.00
0.00
0.00
10.00
0.00
0.00
0.00
0.00
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B.6.c Values of independent variables on sediment characteristics derived for North Keeling Island.
Main Sediment type (%)
Sediment statistical parameters
North
Keeling
Station Mean Sorting Skewness Kurtosis Gravel Sand
Mud
1
2
3
4
5
6
7
8
9
12
11
10
14
15
16
18
17
13
19
20
21

-0.67
0.84
-2.54
-2.99
-1.63
-2.09
-0.54
-1.84
-3.49
-0.98
1.29
1.37
-1.91
-0.98
-3.07
-2.53
0.89
-3.48
0.04
1.19
1.15

2.01
0.73
1.51
0.62
1.91
2.05
2.28
2.11
0.31
1.20
0.96
1.55
2.03
1.89
0.61
0.51
1.08
0.32
0.84
0.78
0.74

-0.40
0.02
0.70
0.01
0.32
0.81
-0.31
0.73
0.00
-0.04
0.10
0.09
0.71
-0.33
0.12
-0.05
-0.35
0.00
0.35
-0.07
-0.06

0.62
0.94
1.59
0.74
0.59
3.72
0.60
0.57
0.74
0.88
1.88
1.93
0.58
0.60
0.75
1.28
1.46
0.74
0.94
0.96
0.91

32.91
1.90
81.48
100.00
52.37
78.34
39.73
63.23
100.00
48.06
0.84
6.69
58.79
41.56
100.00
99.81
11.08
100.00
0.37
0.48
0.16

67.09
98.10
18.52
0.00
47.63
21.62
57.71
36.77
0.00
51.94
93.82
84.53
41.06
58.44
0.00
0.19
88.92
0.00
99.63
99.52
99.84

0.00
0.00
0.00
0.00
0.00
0.05
2.56
0.00
0.00
0.00
5.34
8.79
0.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Sediment Particle Size (%)
Coarse
Very
Medium Fine Very Fine Very Coarse Coarse Medium Fine Very Fine
Silt
Coarse Silt
Sand
Sand
Sand
Sand
Sand
Gravel Gravel Gravel
0.00
0.00
0.00
1.73
20.70
28.16
16.50
3.00
5.93
23.99
0.00
0.00
0.00
0.79
37.61
53.34
6.36
0.09
0.00
1.81
0.00
0.00
0.00
0.08
3.81
8.21
6.42
1.13
13.76
66.60
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.20
48.93
49.87
0.00
0.00
0.00
0.13
10.43
24.19
12.88
1.37
12.06
38.94
0.05
0.00
0.00
3.26
11.96
5.92
0.47
0.10
0.00
78.24
1.40
1.16
0.60
5.81
23.07
21.20
7.04
1.66
7.70
30.38
0.00
0.00
0.00
2.75
17.44
13.29
3.29
0.44
9.39
53.41
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.58
98.42
0.00
0.00
0.00
0.00
2.77
18.20
30.97
26.49
19.73
1.83
3.52
1.82
0.26
6.49
60.29
25.79
0.98
0.63
0.21
0.00
4.88
3.91
2.13
11.18
42.11
25.21
3.90
3.99
2.70
0.00
0.15
0.00
0.00
1.05
14.80
17.22
7.99
1.78
4.84
52.17
0.00
0.00
0.00
0.01
12.05
32.32
14.06
1.74
12.57
27.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
42.97
57.03
0.00
0.00
0.00
0.00
0.00
0.00
0.19
7.41
79.92
12.48
0.00
0.00
0.00
1.36
47.38
35.99
4.19
4.05
4.37
2.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.71
96.29
0.00
0.00
0.21
3.23
11.34
29.14
55.71
0.37
0.00
0.00
0.00
0.00
0.01
12.39
51.90
30.93
4.29
0.48
0.00
0.00
0.00
0.00
0.00
9.13
52.49
34.73
3.50
0.08
0.08
0.00
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B.7. Correlation matrix for independent variables of North Keeling Island. r values are stated in the boxes.

Mean
Sorting
Skewness
Kurtosis
Gravel
Sand
Mud
M_Gravel
F_Gravel
VF_Gravel
VC_Sand
C_Sand
M_Sand
F_Sand
VF_Sand
VC_Silt
C_Silt
Dist_reef
Direction
VegHeight
Cong_Width
Cong_Depth
BRock_Width
BRock_Depth

Mean

Sorting

Skewness

Kurtosis

Gravel

Sand

Mud

M_Gravel

F_Gravel

VF_Gravel

VC_Sand

C_Sand

M_Sand

1
0.10
-0.32
0.14
-0.97
0.97
0.46
-0.86
-0.48
0.03
0.21
0.86
0.91
0.72
0.39
0.45
0.47
-0.04
0.29
0.43
-0.28
-0.11
-0.27
-0.36

1.00
0.27
0.11
-0.14
0.13
0.14
0.01
-0.29
0.01
0.11
0.19
0.03
0.06
0.18
0.15
0.13
0.58
-0.38
-0.20
-0.07
0.50
-0.18
-0.11

1.00
0.37
0.26
-0.26
-0.08
0.41
-0.10
-0.19
0.00
-0.32
-0.25
-0.10
-0.08
-0.09
-0.07
0.04
-0.10
-0.36
-0.10
0.13
0.01
-0.12

1.00
-0.04
0.03
0.31
0.04
-0.13
-0.05
-0.20
-0.10
0.20
0.24
0.24
0.30
0.32
0.19
-0.06
-0.19
0.02
0.45
-0.27
-0.32

1.00
-1.00
-0.37
0.82
0.58
0.01
-0.36
-0.91
-0.85
-0.65
-0.31
-0.35
-0.38
0.09
-0.29
-0.40
0.37
0.17
0.24
0.33

1.00
0.32
-0.82
-0.58
-0.01
0.38
0.92
0.84
0.63
0.27
0.30
0.33
-0.10
0.30
0.42
-0.40
-0.18
-0.24
-0.32

1.00
-0.32
-0.19
-0.01
-0.15
0.14
0.46
0.58
0.90
0.99
1.00
0.20
-0.05
-0.13
0.30
0.12
-0.19
-0.21

1.00
0.03
-0.32
-0.37
-0.74
-0.66
-0.49
-0.28
-0.31
-0.32
0.16
-0.34
-0.57
0.15
0.26
0.18
0.26

1.00
0.25
-0.19
-0.54
-0.51
-0.40
-0.16
-0.18
-0.20
-0.08
-0.01
0.11
0.38
-0.08
0.22
0.27

1.00
0.35
-0.03
-0.19
-0.17
0.02
0.00
-0.02
-0.04
0.00
0.13
0.29
-0.08
-0.19
-0.19

1.00
0.31
-0.15
-0.09
-0.02
-0.14
-0.15
-0.21
0.22
0.05
-0.25
-0.21
-0.13
-0.11

1.00
0.72
0.38
0.12
0.13
0.14
-0.05
0.09
0.40
-0.41
-0.20
-0.05
-0.13

1.00
0.76
0.30
0.43
0.48
-0.04
0.27
0.42
-0.25
-0.07
-0.26
-0.36
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F_Sand VF_Sand

1.00
0.56
0.58
0.57
0.08
0.45
0.23
-0.22
0.08
-0.36
-0.42

1.00
0.94
0.86
0.23
-0.01
-0.13
0.21
0.13
-0.17
-0.19

VC_Silt

C_Silt

1.00
0.98
0.22
-0.05
-0.13
0.29
0.14
-0.19
-0.21

1.00
0.18
-0.05
-0.13
0.31
0.11
-0.20
-0.22

Dist_
reef

1.00
-0.39
-0.53
0.12
0.90
-0.09
-0.13

Direction

1.00
0.33
-0.06
-0.18
-0.24
-0.12

Veg_
Height

Cong_
Width

1.00
-0.29
-0.57
-0.25
-0.25

1.00
0.21
0.22
0.33

Cong_ BRock_ BRock_
Depth Width Depth

1.00
-0.15
-0.11

1.00
0.87

1

B.8. GeoDa diagnostic report for spatial model of Sipadan Island BB shoreline representing
Northeast monsoon (NEM).
REGRESSION SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD
ESTIMATION
Data set
: ModelGeoda_SipA3_LandSedi
Spatial Weight
: ModelGeoda_SipA3_LandSedi
Dependent Variable : BB_NEM_EPR Number of Observations: 12
Mean dependent var : 0.0541667 Number of Variables : 3
S.D. dependent var : 0.742456 Degrees of Freedom : 9
Lag coeff. (Rho) : 0.686596
R-squared
: 0.698595 Log likelihood
: -7.55755
Sq. Correlation
:Akaike info criterion :
21.1151
Sigma-square
: 0.166147 Schwarz criterion
:
22.5698
S.E of regression : 0.407611
----------------------------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
----------------------------------------------------------------------------------------------------------------W_BB_NEM_EPR
0.686596
0.154057
4.45677
0.00001
CONSTANT
0.248101
0.164008
1.51274
0.13035
VegHeight
-0.0464764
0.021016
-2.21147
0.02700
----------------------------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
1
0.0452
0.83171
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : ModelGeoda_SipA3_LandSedi
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
5.2099
0.02246
COEFFICIENTS VARIANCE MATRIX
CONSTANT VegHeight
W_BB_NEM_EPR
0.026899
-0.002401
-0.004097
-0.002401
0.000442
0.000786
-0.004097
0.000786
0.023734
OBS
1
2
3
4
5
6
7
8
9
10
11
12

BB_NEM_EPR
-0.5
-0.9
-0.31
0.35
1.27
1.19
1.04
0.22
0.06
-0.4
-0.92
-0.45

PREDICTED
-0.84359
-0.17205
-0.07965
0.10282
0.35721
0.51876
0.49985
0.42710
0.28273
-0.12314
-0.30121
-0.79587

RESIDUAL
0.40629
-0.81044
-0.36348
0.19602
0.70197
0.38611
0.22502
-0.32928
-0.05659
-0.03686
-0.42870
0.10996
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PRED ERROR
0.34359
-0.72795
-0.23035
0.24718
0.91279
0.67124
0.54015
-0.20710
-0.22273
-0.27686
-0.61879
0.34587

B.9. GeoDa diagnostic report for spatial model of Sipadan Island EVL shoreline representing
Northeast monsoon (NEM).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: ModelGeoda_SipA3_LandSedi
Spatial Weight
: ModelGeoda_SipA3_LandSedi
Dependent Variable : EVLNEM_EPR Number of Observations: 12
Mean dependent var : 0.245833 Number of Variables : 6
S.D. dependent var : 0.602764 Degrees of Freedom : 6
Lag coeff. (Rho) : 0.222544
R-squared
: 0.774424 Log likelihood
: -2.12114
Sq. Correlation
:Akaike info criterion :
16.2423
Sigma-square
: 0.0819571 Schwarz criterion
:
19.1517
S.E of regression : 0.286282
----------------------------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
---------------------------------------------------------------------------------------------------------------W_EVLNEM_EPR
0.222544
0.271954
0.818314
0.41318
CONSTANT
1.25378
0.565428
2.2174
0.02660
MEAN
-1.0136
0.440772
-2.29961
0.02147
VF_Grav
1.86109
0.559852
3.32426
0.00089
VF_Sand
-0.43394
0.109519
-3.96224
0.00007
SKEWNESS
2.53011
0.894249
2.82932
0.00466
---------------------------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
4
1.5537
0.81708
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : ModelGeoda_SipA3_LandSedi
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.3890
0.53282
COEFFICIENTS VARIANCE MATRIX
CONSTANT
MEAN
VF_Grav
VF_Sand
0.319709 -0.243896 0.018360 -0.002476
-0.243896 0.194280 -0.037875 0.004126
0.018360 -0.037875 0.313434 -0.051601
-0.002476 0.004126 -0.051601 0.011994
0.260022 -0.191076 0.188729 -0.046427
-0.100040 0.079864 -0.068167 0.008305
1
2
3
4
5
6
7
8
9
10
11
12

OBS

EVLNEM_EPR
0.1
0.2
-0.21
-0.18
0.88
0.9
0.98
0.73
0.87
-0.18
-1.04
-0.1

PREDICTED
-0.22258
-0.00643
-0.43240
-0.26072
0.34001
0.92203
1.00158
0.98942
0.81051
-0.11670
-0.38668
0.10405

SKEWNESS
0.260022
-0.191076
0.188729
-0.046427
0.799681
-0.089082

W_EVLNEM_EPR
-0.100040
0.079864
-0.068167
0.008305
-0.089082
0.073959

RESIDUAL
PRED ERROR
0.30559
0.32258
0.16002
0.20643
0.15844
0.22240
0.00887
0.08072
0.52555
0.53999
-0.04124
-0.02203
-0.04076
-0.02158
-0.25678
-0.25942
0.09539
0.05949
0.00000
-0.06330
-0.63924
-0.65332
0.27584
-0.20405
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B.10. GeoDa diagnostic report for spatial model of Sipadan Island EVL shoreline representing
Southwest (SWM).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: ModelGeoda_SipA3_LandSedi
Spatial Weight
: ModelGeoda_SipA3_LandSedi
Dependent Variable : EVLSWM_EPR Number of Observations: 12
Mean dependent var : 0.118333 Number of Variables : 6
S.D. dependent var : 0.593294 Degrees of Freedom : 6
Lag coeff. (Rho) : 0.561474
R-squared
: 0.774108 Log likelihood
:
-2.6168
Sq. Correlation
:Akaike info criterion :
17.2336
Sigma-square
: 0.0795135 Schwarz criterion
:
20.143
S.E of regression : 0.281981
-------------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value Probability
------------------------------------------------------------------------------------------------W_EVLSWM_EPR
0.561474
0.200191
2.8047
0.00504
CONSTANT
1.15413
0.502791
2.29546
0.02171
MEAN
-0.96782
0.404166
-2.39461
0.01664
SKEWNESS
2.00034
0.844011
2.37004
0.01779
VF_Grav
0.969426
0.524242
1.84919
0.06443
VF_Sand
-0.253746
0.106023
-2.39331
0.01670
------------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
4
3.3467
0.50157
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : ModelGeoda_SipA3_LandSedi
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
2.8662
0.09046
COEFFICIENTS VARIANCE MATRIX
CONSTANT
MEAN
SKEWNESS
W_EVLSWM_EPR
0.252798
-0.197589 0.190153
-0.023244
-0.197589
0.163350 -0.140810
-0.008403
0.190153
-0.140810 0.712355
0.139324
-0.023244
-0.008403 0.139324
0.274830
0.002363
0.000761 -0.039884
-0.046653
-0.054423
0.048433
-0.040345
-0.035641
OBS
1
2
3
4
5
6
7
8
9
10
11
12

EVLSWM_EPR
-0.2
0.28
-0.16
0.07
0.6
1.03
0.95
0.35
0.3
-0.36
-1.24
-0.2

PREDICTED
-0.46709
-0.33423
-0.51794
-0.40501
0.30009
0.90790
1.01939
0.72035
0.42745
-0.10412
-0.37061
-0.25788

RESIDUAL
0.05583
0.40834
0.12546
0.25896
0.17559
0.14827
-0.07906
-0.32394
0.04836
-0.00000
-0.72572
-0.09209
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VF_Grav

VF_Sand

0.002363
0.000761
-0.039884
-0.046653
0.011241
0.004516

-0.054423
0.048433
-0.040345
-0.035641
0.004516
0.040076

PRED ERROR
0.26709
0.61423
0.35794
0.47501
0.29991
0.12210
-0.06939
-0.37035
-0.12745
-0.25588
-0.86939
0.05788

B.11. GeoDa diagnostic report for spatial model of Sipadan Island EVL shoreline representing
non-monsoon temporal group (ALL).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: ModelGeoda_SipA3_LandSedi
Spatial Weight
: ModelGeoda_SipA3_LandSedi
Dependent Variable : EVLALL_EPR Number of Observations: 12
Mean dependent var : 0.175833 Number of Variables : 6
S.D. dependent var : 0.610293 Degrees of Freedom : 6
Lag coeff. (Rho) : -0.0253399
R-squared
: 0.778607 Log likelihood
: -2.05584
Sq. Correlation
:Akaike info criterion :
16.1117
Sigma-square
: 0.0824596 Schwarz criterion
:
19.0211
S.E of regression : 0.287158
-----------------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
-----------------------------------------------------------------------------------------------------W_EVLALL_EPR
-0.0253399
0.290045
-0.0873653 0.93038
CONSTANT
1.53678
0.562943
2.72991
0.00634
MEAN
-1.26208
0.446593
-2.82603
0.00471
SKEWNESS
3.22746
0.897342
3.59668
0.00032
VF_Grav
2.10453
0.565664
3.72046
0.00020
VF_Sand
-0.47095
0.110544
-4.2603
0.00002
----------------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
4
3.1840
0.52752
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : ModelGeoda_SipA3_LandSedi
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.0051
0.94314
COEFFICIENTS VARIANCE MATRIX
CONSTANT
MEAN
SKEWNESS
VF_Grav
0.316904
-0.245891 0.259828
0.020106
-0.245891
0.199445 -0.194732
-0.042503
0.259828
-0.194732 0.805223
0.193104
0.020106
-0.042503 0.193104
0.319976
-0.003158
0.005076 -0.047528
-0.052817
-0.105132
0.087372 -0.095580
-0.075542
OBS
1
2
3
4
5
6
7
8
9
10
11
12

EVLALL_EPR
-0.26
0.42
-0.35
-0.25
0.73
0.78
0.91
0.71
0.71
-0.13
-1.19
0.03

PREDICTED
-0.26626
0.01297
-0.56103
-0.34238
0.28522
0.82131
0.98234
0.89488
0.72574
-0.13766
-0.48396
0.19204

RESIDUAL
0.00973
0.40965
0.21706
0.09915
0.44599
-0.03972
-0.07049
-0.18565
-0.01798
-0.00000
-0.70584
-0.16188
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VF_Sand
-0.003158
0.005076
-0.047528
-0.052817
0.012220
0.009578
PRED ERROR
0.00626
0.40703
0.21103
0.09238
0.44478
-0.04131
-0.07234
-0.18488
-0.01574
0.00766
-0.70604
-0.16204

W_EVLALL_EPR
-0.105132
0.087372
-0.095580
-0.075542
0.009578
0.084126

B.12. GeoDa diagnostic report for spatial model of Mabul Island BB shoreline representing
Northeast monsoon (NEM).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: MabulLandSedi_13092017_Lower_Geoda6
Spatial Weight
: MabulLandSedi_13092017_Lower_Geoda6
Dependent Variable : BB_NEM_EPR Number of Observations: 17
Mean dependent var : 0.968824 Number of Variables : 5
S.D. dependent var :
1.78616 Degrees of Freedom : 12
Lag coeff. (Rho) : 0.000305676
R-squared
: 0.643746 Log likelihood
: -25.2102
Sq. Correlation
:Akaike info criterion :
60.4203
Sigma-square
:
1.13658 Schwarz criterion
:
64.5864
S.E of regression :
1.06611
----------------------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
----------------------------------------------------------------------------------------------------------W_BB_NEM_EPR
0.000305676
0.242056
0.00126283
0.99899
CONSTANT
-0.56922
0.94695
-0.601109
0.54777
C_Sand
0.0646111
0.0258052
2.5038
0.01229
DistReef
-0.00336136
0.00146295
-2.29767
0.02158
VegWidth
0.0191192
0.0069927
2.73416
0.00625
----------------------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
3
0.2732
0.96498
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : MabulLandSedi_13092017_Lower_Geoda6
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.0000
0.99915
COEFFICIENTS VARIANCE MATRIX
CONSTANT
C_Sand
0.896715
-0.014635
-0.014635
0.000666
-0.000822
-0.000005
0.000146
-0.000031
-0.016143
-0.003345
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

BB_NEM_EPR
2.6
0.58
1.34
1.42
-1.15
-0.31
-0.16
-1.67
3.58
-0.41
4.06
4.65
-0.54
1.85
0.16
0
0.47

DistReef
-0.000822
-0.000005
0.000002
-0.000002
0.000171

PREDICTED
1.23899
-0.00078
1.09015
1.32514
0.76064
0.11954
-1.28530
-0.36957
2.29003
-0.41604
4.25698
3.08864
1.50975
2.87525
0.45497
-0.05145
-0.41688

VegWidth
0.000146
-0.000031
-0.000002
0.000049
-0.000247

RESIDUAL
1.36107
0.58078
0.24985
0.09486
-1.91074
-0.42953
1.12570
-1.30060
1.28982
0.00599
-0.19716
1.56119
-2.04944
-1.02491
-0.29499
0.05137
0.88674
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W_BB_NEM_EPR
-0.016143
-0.003345
0.000171
-0.000247
0.058591
PRED ERROR
1.36101
0.58078
0.24985
0.09486
-1.91064
-0.42954
1.12530
-1.30043
1.28997
0.00604
-0.19698
1.56136
-2.04975
-1.02525
-0.29497
0.05145
0.88688

B.13. GeoDa diagnostic report for spatial model of Mabul Island BB shoreline representing
Southwest monsoon (SWM).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: MabulLandSedi_13092017_Lower_Geoda6
Spatial Weight
: MabulLandSedi_13092017_Lower_Geoda6
Dependent Variable : BB_SWM_EPR Number of Observations: 17
Mean dependent var : -0.551176 Number of Variables : 6
S.D. dependent var :
2.63637 Degrees of Freedom : 11
Lag coeff. (Rho) :
0.15221
R-squared
: 0.718052 Log likelihood
:
-29.911
Sq. Correlation
:Akaike info criterion :
71.8219
Sigma-square
:
1.95967 Schwarz criterion
:
76.8212
S.E of regression :
1.39988
-----------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
------------------------------------------------------------------------------------------------W_BB_SWM_EPR
0.15221
0.226384
0.672354
0.50136
CONSTANT
-9.46625
2.11091
-4.48445
0.00001
Med_Sand
0.0705539
0.0247975
2.8452
0.00444
C_Sand
0.16346
0.0451822
3.6178
0.00030
VF_Sand
-1.68057
0.76648
-2.19258
0.02834
OFFDevLen
0.990938
0.385891
2.56793
0.01023
-----------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
4
4.7400
0.31503
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : MabulLandSedi_13092017_Lower_Geoda6
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.3862
0.53433
COEFFICIENTS VARIANCE MATRIX
CONSTANT Med_Sand
C_Sand
4.455923
0.003582 -0.088654
0.003582
0.000615 -0.000284
-0.088654
-0.000284 0.002041
0.380266
-0.003114 -0.006837
-0.650554
-0.003415 0.012094
0.245780
0.000539 -0.005767
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

BB_SWM_EPR
1.01
-0.32
0.61
0.93
-1.24
-2.58
-7.06
-6.53
2.79
1.87
-0.09
0.92
-2.48
0.82
0.58
0.77
0.63

PREDICTED
0.98220
-1.11780
0.13855
0.71399
-1.99609
-1.24888
-6.78194
-4.40730
0.04542
1.86685
2.11260
-0.54732
0.20130
0.93897
-0.19551
0.81601
-0.87133

VF_Sand OFFDevLen
0.380266 -0.650554
-0.003114 -0.003415
-0.006837 0.012094
0.587491 -0.098924
-0.098924 0.148911
-0.005590 -0.022260
RESIDUAL
-0.02133
0.76608
0.44294
0.17261
0.77952
-1.38711
0.04504
-2.14923
2.74208
-0.06888
-2.41026
1.42607
-2.66319
0.25272
0.78251
-0.18545
1.47586
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W_BB_SWM_EPR
0.245780
0.000539
-0.005767
-0.005590
-0.022260
0.051250

PRED ERROR
0.02780
0.79780
0.47145
0.21601
0.75609
-1.33112
-0.27806
-2.12270
2.74458
0.00315
-2.20260
1.46732
-2.68130
-0.11897
0.77551
-0.04601
1.50133

B.14. GeoDa diagnostic report for spatial model of Mabul Island BB shoreline representing
non-monsoon temporal group (ALL).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: MabulLandSedi_13092017_Lower_Geoda6
Spatial Weight
: MabulLandSedi_13092017_Lower_Geoda6
Dependent Variable : BB_ALL_EPR Number of Observations: 17
Mean dependent var : 0.00823529 Number of Variables : 6
S.D. dependent var :
2.10522 Degrees of Freedom : 11
Lag coeff. (Rho) : 0.0103494
R-squared
: 0.701063 Log likelihood
: -26.5134
Sq. Correlation
:Akaike info criterion :
65.0269
Sigma-square
:
1.32487 Schwarz criterion
:
70.0262
S.E of regression :
1.15103
----------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
----------------------------------------------------------------------------------------------W_BB_ALL_EPR
0.0103494
0.226805
0.0456314
0.96360
CONSTANT
-7.55023
1.72499
-4.37696
0.00001
Med_Sand
0.0535357
0.0204064
2.62347
0.00870
C_Sand
0.149458
0.0385126
3.88075
0.00010
VF_Sand
-1.3494
0.629902
-2.14224
0.03217
OFFDevLen
0.730241
0.318333
2.29395
0.02179
-----------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
4
3.4798
0.48096
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : MabulLandSedi_13092017_Lower_Geoda6
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.0018
0.96653
COEFFICIENTS VARIANCE MATRIX
CONSTANT
Med_Sand
C_Sand
2.975603
0.002529 -0.061530
0.002529
0.000416 -0.000201
-0.061530
0.000201 0.001483
0.273157
-0.002070 -0.004993
-0.441609
-0.002331 0.008457
0.197721
0.000483 -0.005280
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

BB_ALL_EPR
1.72
-0.13
0.75
1.2
-0.97
-1.52
-4.59
-4.85
2.58
1.4
1.35
2.11
-2.09
1.53
0.45
0.63
0.57

PREDICTED
1.24867
-0.81167
0.67038
1.08133
-1.12481
-0.44950
-4.70060
-3.54334
0.41467
1.49800
2.63345
0.17914
0.67879
1.16694
0.33745
1.13780
-0.28056

VF_Sand
0.273157
-0.002070
-0.004993
0.396777
-0.068321
-0.000534

OFFDevLen
-0.441609
-0.002331
0.008457
-0.068321
0.101336
-0.019243

RESIDUAL
0.47106
0.67904
0.07959
0.11767
0.15585
-1.07263
0.12412
-1.30905
2.16214
-0.10331
-1.29883
1.92630
-2.77254
0.38403
0.11781
-0.51139
0.85015

264

PRED ERROR
0.47133
0.68167
0.07962
0.11867
0.15481
-1.07050
0.11060
-1.30666
2.16533
-0.09800
-1.28345
1.93086
-2.76879
0.36306
0.11255
-0.50780
0.85056

W_BB_ALL_EPR
0.197721
0.000483
-0.005280
-0.000534
-0.019243
0.051440

B.15.a. GeoDa diagnostic report for spatial model of North Keeling Island BB shoreline
representing non-monsoon temporal group (ALL)- First model. Model 1
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: NK_Sedi_Geoda6_NO28
Spatial Weight
: NK_Sedi_Geoda6_NO28
Dependent Variable :
BB_EPR Number of Observations: 21
Mean dependent var : -0.032381 Number of Variables : 3
S.D. dependent var :
0.70952 Degrees of Freedom : 18
Lag coeff. (Rho) : 0.399045
R-squared
: 0.496945 Log likelihood
: -16.3127
Sq. Correlation
:Akaike info criterion :
38.6254
Sigma-square
: 0.253247 Schwarz criterion
:
41.759
S.E of regression : 0.503236
----------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value Probability
----------------------------------------------------------------------------W_BB_EPR
0.399045
0.16242
2.45688
0.01402
CONSTANT
-0.532323
0.22183
-2.39969
0.01641
Dist_Reef
0.00429533
0.00159762 2.68859
0.00718
----------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
1
0.2560
0.61291
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : NK_Sedi_Geoda6_NO28
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
3.8982
0.04834
COEFFICIENTS VARIANCE MATRIX
CONSTANT Dist_Reef W_BB_EPR
0.049209 -0.000308 0.012172
-0.000308 0.000003 -0.000089
0.012172 -0.000089 0.026380
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

BB_EPR
0.13
0.53
0.51
0.43
0.1
1.37
1.37
-0.25
-1.02
-0.58
-0.64
-0.67
-0.16
-0.7
0.13
0.53
0.35
0.13
-0.21
-0.41
-1.62

PREDICTED RESIDUAL
-0.06832
0.00940
0.05659
0.39427
-0.29053
0.55612
-0.18250
0.47987
0.23579
-0.30664
0.77350
0.69073
1.29461
-0.01653
0.39798
-0.58946
-0.13019
-0.67073
-0.13978
-0.27190
-0.17663
-0.29735
-0.02553
-0.49652
-0.17292
0.06038
-0.15181
-0.63364
-0.28533
0.39812
-0.15450
0.43133
-0.28444
0.41500
-0.18034
0.46349
-0.58976
0.32898
-0.53723
0.28716
-0.43868
-1.23209

PRED ERROR
0.19832
0.47341
0.80053
0.61250
-0.13579
0.59650
0.07539
-0.64798
-0.88981
-0.44022
-0.46337
-0.64447
0.01292
-0.54819
0.41533
0.68450
0.63444
0.31034
0.37976
0.12723
-1.18132
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B.15.b. GeoDa diagnostic report for spatial model of North Keeling Island BB shoreline
representing non-monsoon temporal group (ALL)- Second model.
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: NK_Sedi_Geoda6_NO28
Spatial Weight
: NK_Sedi_Geoda6_NO28
Dependent Variable :
BB_EPR Number of Observations: 21
Mean dependent var : -0.032381 Number of Variables : 3
S.D. dependent var :
0.70952 Degrees of Freedom : 18
Lag coeff. (Rho) : 0.428302
R-squared
: 0.530793 Log likelihood
: -15.7383
Sq. Correlation
:Akaike info criterion :
37.4766
Sigma-square
: 0.236207 Schwarz criterion
:
40.6102
S.E of regression : 0.486011
----------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value Probability
----------------------------------------------------------------------------W_BB_EPR
0.428302
0.156452
2.73759
0.00619
CONSTANT
-0.251233
0.134532
-1.86745
0.06184
Cong_Dep
0.00532496
0.00187304
2.84296
0.00447
----------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
1
0.7205
0.39597
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : NK_Sedi_Geoda6_NO28
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
4.7934
0.02857
COEFFICIENTS VARIANCE MATRIX
CONSTANT Cong_Dep W_BB_EPR
0.018099 -0.000155 0.005964
-0.000155 0.000004 -0.000116
0.005964 -0.000116 0.024477
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

BB_EPR PREDICTED
0.13
-0.43945
0.53
-0.43945
0.51
-0.33684
0.43
-0.19988
0.1
0.25337
1.37
1.19786
1.37
1.23104
-0.25
0.46003
-1.02
-0.08959
-0.58
-0.18914
-0.64
-0.12661
-0.67
-0.12661
-0.16
-0.30389
-0.7
-0.07450
0.13
-0.11410
0.53
-0.05156
0.35
-0.03111
0.13
-0.17139
-0.21
-0.43945
-0.41
-0.43945
-1.62
-0.43945

RESIDUAL
0.15423
0.72555
0.57706
0.48138
-0.28771
0.27556
0.13494
-0.54764
-0.69937
-0.21035
-0.34600
-0.37921
0.21330
-0.70859
0.29644
0.41833
0.20430
0.44099
0.21684
0.23313
-1.19316

PRED ERROR
0.56945
0.96945
0.84684
0.62988
-0.15337
0.17214
0.13896
-0.71003
-0.93041
-0.39086
-0.51339
-0.54339
0.14389
-0.62550
0.24410
0.58156
0.38111
0.30139
0.22945
0.02945
-1.18055
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B.16. GeoDa diagnostic report for spatial model of North Keeling Island EVL shoreline
representing non-monsoon temporal group (ALL).
SUMMARY OF OUTPUT: SPATIAL LAG MODEL - MAXIMUM LIKELIHOOD ESTIMATION
Data set
: NK_Sedi_Geoda6_NO28
Spatial Weight
: NK_Sedi_Geoda6_NO28
Dependent Variable :
EVL_EPR Number of Observations: 21
Mean dependent var :
0.62619 Number of Variables : 4
S.D. dependent var :
2.62078 Degrees of Freedom : 17
Lag coeff. (Rho) : -0.13611
R-squared
: 0.749710 Log likelihood
: -35.5856
Sq. Correlation
:Akaike info criterion :
79.1712
Sigma-square
:
1.71912 Schwarz criterion
:
83.3492
S.E of regression :
1.31115
-------------------------------------------------------------------------------------------Variable
Coefficient
Std.Error
z-value
Probability
-------------------------------------------------------------------------------------------W_EVL_EPR
-0.13611
0.161252
-0.844081
0.39862
CONSTANT
-3.05633
0.575919
-5.30688
0.00000
Dist_Reef
0.0339399 0.004684
7.24591
0.00000
VF_SAND
-1.60453
0.640556
-2.5049
0.01225
-------------------------------------------------------------------------------------------REGRESSION DIAGNOSTICS
DIAGNOSTICS FOR HETEROSKEDASTICITY
RANDOM COEFFICIENTS
TEST
DF
VALUE
PROB
Breusch-Pagan test
2
3.3241
0.18975
DIAGNOSTICS FOR SPATIAL DEPENDENCE
SPATIAL LAG DEPENDENCE FOR WEIGHT MATRIX : NK_Sedi_Geoda6_NO28
TEST
DF
VALUE
PROB
Likelihood Ratio Test
1
0.6150
0.43292
COEFFICIENTS VARIANCE MATRIX
CONSTANT Dist_Reef
VF_SAND W_EVL_EPR
0.331683 -0.002275 0.025522 0.030427
-0.002275 0.000022 -0.000810 -0.000388
0.025522 -0.000810 0.410312 0.015021
0.030427 -0.000388 0.015021 0.026002
OBS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

EVL_EPR PREDICTED
0.14
0.18843
0.3
1.78676
0.24
-0.54327
0.25
-0.19903
-0.12
0.44283
8.55
4.69632
8.55
8.47000
-0.33
2.95838
0.15
0.03473
-0.3
0.51830
-0.63
-0.24517
-2.18
-1.99069
-0.63
0.24820
-0.29
0.68545
-0.18
-0.43399
0.21
0.88509
-0.01
-0.43494
-0.18
0.18070
-0.07
-1.96917
-0.1
-1.31883
-0.22
-0.44296

RESIDUAL
-0.25079
-1.49335
0.84438
0.46403
-0.36399
3.68258
0.30396
-3.01828
-0.04400
-0.84619
-0.42746
-0.23860
-0.96913
-1.01793
0.21652
-0.61726
0.39628
-0.43796
2.06506
1.36325
0.38886

PRED ERROR
-0.04843
-1.48676
0.78327
0.44903
-0.56283
3.85368
0.08000
-3.28838
0.11527
-0.81830
-0.38483
-0.18931
-0.87820
-0.97545
0.25399
-0.67509
0.42494
-0.36070
1.89917
1.21883
0.22296
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Appendices C
Appendix C: Chapter 6
C.1 Agisoft Photoscan processing report for Sipadan Island-Survey Data

268

C.2 Agisoft Photoscan processing report for Sipadan Island-Camera Calibration
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C.3 Agisoft Photoscan processing report Sipadan Island-Camera Locations
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C.4 Agisoft Photoscan processing report for Sipadan Island-GCP
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C.5 Agisoft Photoscan processing report for Sipadan Island-Control points

C.6 Agisoft Photoscan processing report for Sipadan Island-Digital Surface Model

272

C.7 Agisoft Photoscan processing report for Sipadan Island-processing parameters 1
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C.8 Agisoft Photoscan processing report for Sipadan Island- processing parameters 2
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C.9 Agisoft Photoscan processing report for Mabul Island-Survey Data
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C.10 Agisoft Photoscan processing report for Mabul Island-Camera Calibration
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C.11 Agisoft Photoscan processing report for Mabul Island-Camera Locations
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C.12 Agisoft Photoscan processing report for Mabul Island-GCP
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C.13 Agisoft Photoscan processing report for Mabul Island-Control points

C.14 Agisoft Photoscan processing report for Mabul Island- Digital Surface Model

279

C.15 Agisoft Photoscan processing report for Mabul Island-processing parameters 1.

280

C.16 Agisoft Photoscan processing report for Mabul Island- processing parameters 2.
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